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PREFACE TO SECOND EDITION 


Since the appearance of the first edition of this book many new results 
have been obtained and many ideas have changed. This made it im¬ 
possible to reprint the book in its original form. On the other hand it 
did not seem wise to attempt to rewrite the book at the present moment 
when so many of the fundamental problems are just being investigated. 
On the suggestion of the Delegates of the Press I have taken the middle 
course and made just a few changes where the scientific development 
made it necessary and left substantial parts of the book unaltered. 

It is a pleasure to acknowledge many suggestions and criticisms from 
various colleagues. In particular I am indebted to Dr. N. Arley and 
Professor G. Bernardini. I hope to receive more comments and criticism 
to this edition. 

L. J. 

Buhlin, 194H 


PREFACE TO FIRST EDITION 

This book was written in an attempt to present a critical and at the 
same time a more or less complete survey of the complex subject of 
cosmic rays. I have dealt with both experimental and theoretical aspects 
and though I have gone into considerable detail I have tried to avoid 
intricacies. As an example, the classical and semi-classical theories of 
collisions are discussed in Chapter III, while the exact quantum treat¬ 
ment of the problem, with its complicated mathematical details, is 
omitted. In Chapter II I have given an account of experimental 
methods leaving out purely technical detail. This presentation, it is 
hoped, will be of use especially to the research worker. 

Chapters I-IV give a general background of our knowledge of cosmic- 
ray phenomena; the later chapters are accounts of more specialized 
subjects; meson decay, cascade theory, geomagnetic effects, and meson 
formation. 

The greater part of this book was written during the last years of the 
war. Cosmic-ray research was greatly slowed down during this period 
and so it became possible to survey the whole of the subject without 
getting utterly out of date. Nevertheless it was impossible to make all 
chapters equally up to date, and certain inconsistencies have crept into 
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the presentation due to changes of view during the process of writing. 
I am asking the reader’s indulgence on this point and also on occasional 
incompleteness caused by the difficulty of obtaining up-to-date litera¬ 
ture. 

I shall highly appreciate criticism and comments, particularly con¬ 
cerning details, and hope to make use of them at a later date. 

Apart from the difficulties of collecting up-to-date material, I found 
it also impossible to acquire expert knowledge on all of the very different 
branches of cosmic-ray theory and experiment. It is a great pleasure 
to acknowledge the help I received to overcome some of these difficulties. 

I owe a debt of gratitude to the late Professor E. J. Williams for 
elucidating in detail the impact-parameter method and for clarifying 
many obscure points. 

I am indebted to Professor P. M. S. Blackett and to Drs. J. G. Wilson 
and G. D. Eochester for many comments and suggestions. In particular 
the section on cloud-chamber technique is largely due to Dr. Wilson. 
Further I am indebted to Drs. Powell and Occhialini for contributing 
to Appendix III. 

The photographs in Plates 1-6 are reproduced from original 
photographic prints, for the loan of which I have much pleasure in 
thanldng Professors Anderson, Auger, Blackett, Johnson, and Williams, 
and also Drs. Daudin, Hazen, Rochester, Wilson, Powell, and 
Occhialini. I am also indebted to authors and editors for permission 
to reproduce a large number of figures. 

I want to express my gratitude to the late Professor Sir Ralph Fowler 
and to Professor N. F. Mott for the trouble they have taken to improve 
the manuscript. Finally, I am greatly indebted to the Clarendon Press 
for the excellent execution and the great trouble they have taken 
with a difficult manuscript. 


Dublin, 1047 


L. J. 
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HISTORICAL INTRODUCTION 

A. Discovery oe Cosmic Radiation 

1. The ground was prepared for the discovery of cosmic radiation by 
the investigations of electrical conductivity of gases. 0. T, R. Wilson 
(1900, 1) and Elster and Geitel (1900) independently observed that an 
electroscope in a vessel at earth potential gradually lost its charge even 
if very carefully insulated. It was shown that the loss of charge was due 
to gaseous ions. 

An ion current can only be maintained if the ions, which are swept 
away by the electric field, are constantly replaced by new ones. The 
assumption that the ions are produced by some internal mechanism as, 
for example, by thermal agitation, was rejected as improbable, and it 
was concluded that the ionization must be due to some outside agency 
such as X-rays or y-rays. 

C. T. R. Wilson (1900) tentatively suggested that the ionizing agency 
might be an extremely penetrating radiation of extra-terrestrial origin. 
Observations made to test this hypothesis proved at that time inconclu¬ 
sive, and the hypothesis of the extra-terrestrial origin, though now and 
then discussed (e.g. Richardson (1906)), was dropped for the following 
ten years. 

2. Later investigations showed that the ionization in a closed vessel 
is due to a ‘penetrating radiation’ which emanates partly from the walls 
of the vessel and x)artly from outside. That part of the radiation comes 
from outside was established by Rutherford and Cook (1903) and by 
McLennan and Burton (1903) by showing that the rate of ionization 
in a closed vessel decreases when the vessel is surrounded by a sufficiently 
thick layer of material. 

3. A large number of investigations on the conductivity of gases and 
its cause followed. Wulf (1909) and Gockel (1909), as a result of the 
analysis of their own results and those of others, came to the conclusion 
that the whole of the penetrating radiation can be accounted for in 
terms of the y-rays emitted by the radioactive substances present near 
the surface of the earth. 

This conclusion was not accepted by Pacini (1912), who observed 
simultaneous variations of the rate of ionization on mountains, over a 
lake, and over the sea. Pacini concluded that a certain part of the 

3595.4U i> 



2 HISTORICAL INTRODUCTION [Chap. I 

ionization must be due to sources other than, the radioactivity of the 
earth or the air. 

The observations of Simpson and Wright (1911) showed a considerable 
rate of ionization over the sea. This also could not be accounted for by 
radioactivity, as sea-water contains only a negligible amount of radio¬ 
active contamination. It was also noticed that the ionization in a closed 
vessel changed with the barometric pressure. 

4. In spite of these difficulties physicists were reluctant to give up 
the hypothesis of a terrestrial origin of the penetrating radiation. Wulf 
(1910) measured the rate of ionization on the top of the Eiffel Tower in 
Paris (300 m. above ground). He expected to find at the top of the 
tower a much smaller ionization than on the ground, because of the 
absorption in air of the y-rays emanating from the ground. The rate 
of ionization showed, however, too small a decrease to confirm the 
hypothesis of a terrestrial origin. 

Similarly Gockel (1910, 11), ascending in a balloon up to 4,000 m. 
above sea-level, found that the ionization did not decrease with height 
as expected on the hypothesis of a terrestrial origin. Gockel’s results 
were somewhat uncertain as he used an ionization vessel in which the 
pressure varied with the outside pressure and no correction was made 
for.this factor. 

5. The extra-terrestrial origin of at least part of the radiation causing 
the observed ionization was established during the next few years. In 
a number of balloon flights up to 5,000 m. above sea-level Hess (1912,13) 
succeeded in showing that the ionization, after passing through a mini¬ 
mum, increases considerably with height. Hess concluded that the 
increase of the ionization with height must be due to a radiation coming 
from above, and he thought that this radiation was of extra-terrestrial 
origin. 

The results of Hess were later confirmed by Kolhorster (1914-19) in 
a number of flights up to 9,200 m. above sea-level. An increase of the 
ionization up to ten times that at sea-level was found. The absorption 
coefficient of the radiation was estimated to be 10“^ per cm. of air at 
N.T.P. This value caused great surprise as it was eight times smaller 
than the absorption coefficient of air for the most penetrating y-rays 
known at the time. 

The ionization-height curve was extrapolated from the heights where 
the ionization was certainly caused by cosmic radiation alone down to 
sea-level. It was estimated that the cosmic rays coming from above 
were responsible for the production of 1 to 2 ion pairs per c.c. per sec. 
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of the ionization near the ground, while most of the ionization, which 
amounted to 6 to 10 ion pairs per c.c. per sec., had to be attributed to 
the radioactivity of the ground. The ionization over the sea is mainly 
due to cosmic rays. 

After the publication of the first results by Hess and KolhOrster a 
violent controversy as to the existence of an extra-terrestrial radiation 
or cosmic radiation resulted, in which Millikan and his co-workers (1923, 
4), Hoffmann (1925), Behounek (1926) took part. The original results 
were, however, maintained by Hess (1926) to be correct; they were fully 
confirmed somewhat later and the existence of cosmic radiation has been 
fully accepted since about 1926. 

B. The Penetrating Power of Cosmic Rays 
Absorption in Lead 

6. The large penetrating power of cosmic rays is the feature which 
distinguished cosmic rays from other kinds of radiation known at the 
time of their discovery. Therefore many investigators concentrated on 
measuring the absorption coefficient of cosmic radiation in attempts to 
confirm the evidence obtained from the height-altitude measurements. 

Observations of this kind carried out by Hoffmann (1925) and also 
by Behounek (1926) did not seem at first to support the assumption 
of the existence of a radiation more penetrating than y-rays. These 
observations were carried out with ionization chambers shielded with 
absorbers of lead. The rate of ionization in the chamber was measured 
as a function of the thickness of lead surrounding the chamber; and the 
decrease of ionization obtained for the first 10 cm. was found to be of 
the same order as expected for y-rays. 

The reason why these observations did not at first reveal the existence 
of cosmic rays was discovered later. Firstly, the lead absorption curve 
of cosmic rays is strongly influenced by the air-lead transition effect. 
Owing to secondary effects the rate of ionization under lead is less than 
that under an equivalent amount of air, and therefore the total cosmic 
ray intensity drops sharply when a recorder is shielded with an absorber 
a few centimetres thick. This sharp drop was confused with the ab¬ 
sorption of the radioactive rays from the surroundings. 

Secondly, the cosmic radiation hardens while passing through ab¬ 
sorbers. Therefore the radiation after having penetrated 10 cm. of lead 
is much less weakened by further absorbers than one is led to expect 
from the absorption in air. The small rate of absorption under absorbers 
exceeding 10 cm. of lead was at first overlooked, and the ionization 
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observed under more than 10 cm. of lead was taken to be due to the 
residual ionization of the chamber. 

The absorption of cosmic rays in lead was observed by Hoffmann 
(1926, 7), a year after the unsuccessful experiments described. It was 
also observed by Steinke (1927, 8), by Myssowsky and Tuwim (1928), 
and later by many others. 

The complicated transition effects taking place between air and a 
dense absorber and also between two absorbers of different atomic 
number were discovered by Hoffmann (1926). More detailed measure¬ 
ments were carried out later by Steinke (1927) and Schindler (1931). 

KolhCrster (1923) determined the absorption coefficient of cosmic 
radiation in the ice of a glacier on the Jungfrau Joch. Myssowsky and 
Tuwim (1925) observed the absorption imder the water of Lake Onega 
near Leningrad. Millikan and Cameron (1928, 31) measured the change 
in the intensity of the radiation in mountain lakes down to depths of 
18 m. 

All these determinations gave an absorption coefficient between 1 and 
3 X10“^ cm.2 per gram. These values were thus in good agreement with 
the original value derived from the height-ionization data. 

Barometer Effect 

7. Myssowsky and Tuwim (1928) found that the cosmic-ray intensity 
varies with atmospheric pressure. This effect was interpreted as being 
due to the absorption of cosmic rays in air. It was shown that the order 
of magnitude of the effect can be accounted for by assuming an absorp¬ 
tion coefficient of the same order as found by other experiments. It was 
pointed out by Myssowsky and Tuwim that the barometer effect was 
probably first observed by Simpson and Wright (1911) before the dis¬ 
covery of cosmic rays. No interpretation of the effect could be given 
at the time. 

The barometer effect was later studied by many observers; a summary 
of the early literature is given by Gorlin (1934). 

Directional Distribution 

8. Information about the absorption of cosmic rays in air was obtained 
indirectly by measuring the directional distribution of the cosmic-ray 
intensity. It was found that the cosmic-ray intensity is larger in the 
vertical direction than in inclined directions. Observations of this kind 
were first reported by Gockel (1915) and were later confirmed by many 
other authors. Quantitative measurements of the directional distribu¬ 
tion were carried out later with counters. The experiments of Medicus 
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(1932), Bernardini (1932), and those of Johnson (1933 a) showed that 
the intensity in inclined directions is nearly proportional to cos^i?, where 
7 ? is the angle of inclination to the vertical. 

The observed directional distribution can be accounted for at least 
qualitatively on the assumption that inclined rays have to pass through 
larger amounts of air to reach sea-level than rays coming down vertically. 
This interpretation of the directional distribution, first suggested by 
Myssowsky and Tuwim (1926), has to be somewhat modified, as will be 
seen in § 47. 

Absorption under Ground 

9. The rate of ionization was also measured under ground in mines 
and under great thicknesses of water. The original object of many of 
these measurements was to shield an ionization chamber completely 
from cosmic rays in order to determine the zero current of the chamber; 
but these experiments turned out to be most interesting, as they led to 
the discovery of cosmic rays much more penetrating than the radiation 
above sea-level. The measurements of Regener (1930), Millikan and 
Cameron (1931), Corlin (1934), KolhOrster (1934), Barndthy and Forro 
(1937-9), Nishina andlshii (1937),Ehmert (1937), V. 0. Wilson (1937-8), 
Clay and Gemert (1939), and others revealed the presence of cosmic 
rays at very great depths. The more recent measurements were carried 
out with counters and not with ionization chambers. The greatest depth 
at which cosmic rays have been observed is about 1,400 m. water-equiva¬ 
lent and there is every reason to believe that cosmic rays penetrate to 
much greater depths. 

Spectrum 

Discrete components? 

10. Many attempts were made to express the radiation in terms of 
discrete components each having an exponential absorption. This pro¬ 
cedure proves to be most unsatisfactory owing to the large number of 
components required. In fact it was found that the absorption coefficient 
decreases continuously with depth. The absorption curve was decom¬ 
posed by Eckart (1934) into a continuous spectrum of exponential com¬ 
ponents; such a spectrum has, however, no physical significance as was 
realized later. 

Power spectrum 

11. A physically significant interpretation of the absorption curve 
was found later. Follet and Crawshaw (1936) measured the intensity 
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distribution under 60 m. of water-equivalent. They found that the 
directional-distribution obeys under ground a cosine-squared law similar 
to that found near sea-level (§ 8). If the directional distribution is to 
be explained in terms of absorption, the intensity in a direction inclined 
at & to the vertical has to be assumed to be proportional to 

I{dseo»), (1) 

where I{d') is the vertical intensity under an absorbing equivalent 6\ 
The observed cosine-squared distribution can thus be understood by 

assuming ^ 2 ^ 

Eollet and Crawshaw (1936) pointed out that the directional distribu¬ 

tion should remain the same at any depth, provided the absorption 
function is of the type 

1(9') ^ 9'-^ (3) 

where the exponent z is independent of depth. 

Measurements of the absorption curve by Ehmert (1937) and others 
(compare § 9) showed that the absorption curve can in fact be repre¬ 
sented by (3). The exponent z is smaller than two near sea-level and 
increases slightly with increasing depth. 

It was pointed out by Blackett (1937 b) and Clay, Gemert, and Clay 
(1938) that this absorption function can be understood in terms of an 
inhomogeneous radiation having a differential range spectrum of the 
type 

(4) 

Comparing (4) with the spectrum of high-energy particles as found 
by Blackett (§ 16) it is inferred that the range of the particles is roughly 
proportional to their energy, i.e. 

C. The Nature of Cosmic Rays 
1 . Charge and Energy 

‘Ultra y-rays’ 

12. In the period after the discovery of cosmic rays it was generally 
assumed that cosmic rays are very penetrating y-rays. This assumption 
appeared natural as y-rays were the most penetrating rays known. 

Later investigations revealed, however, that cosmic rays consist 
largely of charged particles. It was first shown that the radiation near 
sea-level consists of ionizing particles and somewhat later it was realized 
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that at least part of the primary rays themselves must be ionizing. 
These investigations will be described in the following paragraphs. 

At the time when the cosmic rays were assumed to be y-rays the name 
'ultra y-rays’ was suggested. Later this was modified to 'ultra rays’ 
('Ultrastrahlen’). This name can still be found in the literature. 

(a) Coincidence Experiment 

13 . Bothe and Kolhorster (1929) observed that cosmic rays are 
capable of producing coincident discharges in two Geiger-Miiller counters 
placed close above each other. Such coincidences were interpreted as 
being due to the passage of single ionizing particles through both coun¬ 
ters. It was concluded from the analysis of the experiments that the 
cosmic rays at sea-level consist mainly of ionizing particles. 

The experiments of Bothe and KolhGrster were extended by Rossi 
(1931 a) and others. It was eventually shown that the ionizing particles 
themselves constitute the penetrating part of the cosmic-ray beam and 
that these particles are not the secondaries of a more penetrating non¬ 
ionizing radiation. 

Rossi (1933, 4 c) showed that single cosmic-ray particles are capable 
of penetrating 1 m. of lead. Compare also Street, Woodward, and 
Stevenson (1935). The energy loss due to ionization by a singly charged 
particle in 1 m. Pb is 1,000 MEV., therefore these experiments estab¬ 
lished the occurrence of particles with at least this energy. 

(6) Glovd Chamber 

14. Direct evidence for the existence of fast ionizing particles was 
obtained by Skobelzyn (1927) in the course of y-ray investigations with 
a cloud chamber in a strong magnetic field. During an investigation in 
1927 he observed the track of a fast particle which was not noticeably 
deflected by the magnetic field. From the straightness of the track it 
was concluded that the particle must have possessed a momentum 
exceeding 20 MEV./c. This track must have been due to a cosmic ray 
])assing through the chamber, although at the time it was believed that 
the track might be a ‘run-away electron’, that is, an electron accelerated 
in the field of a thunder cloud (C. T. R. Wilson, 1925). 

Two years later Skobelzyn (1929) found 32 straight tracks on 613 
photographs. Each of these tracks was due to a particle with momentum 
exceeding 15 MEV./c. These tracks were recognized as cosmic rays. It was 
shown that their rate was of the right order of magnitude to account for 
the rate of ionization of the total cosmic-ray beam. Some of Skobelzyn’s 
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photographs had two or three simultaneous cosmic-ray tracks. These 
photographs are examples of cosmic-ray showers (cp. § 18). 

(c) The Momentum Spectrum 

15 . After Skobelzyn’s discovery many cloud-chamber investigations 
into the properties of cosmic-ray particles were carried out. 

Cloud-chamber photographs of cosmic rays were taken in magnetic 
fields much stronger than that used by Skobelzyn. It was found that 
most of the cosmic-ray particles could be deflected. 

16 . The first rough determination of the momentum spectrum was 
carried out by Kunze (1932, 3 a, 6). A solenoid was used which gave 
a magnetic field of 18,000 gauss. About 90 particles were observed. 
Momenta up to 3,000 MEV./c were measured. 

More efficient magnets with iron cores were used by other observers. 
The momentum spectrum was determined by Anderson and Nedder- 
meyer (1934) up to 6,000 MEV./c and in great detail up to about 
20,000MEV./c by Blackett and Erode (1936), Blackett (1937a); in this 
latter investigation more than 800 tracks were measured. 

The low-momentum end of the spectrum was measured with a ran¬ 
domly operated chamber by Williams (1939 6). It was also measured by 
Hughes (1940), Wilson (1946), and by Jones (1939). 

Other measurements of the momentum spectrum were carried out by 
Herzog and Scherrer (1935) (at the Jungfrau Joch), Leprince-Ringuet, 
and Crussard (1937).f 

The measurements revealed the following features. The numbers of 
positively and negatively charged particles were roughly equal with a 
slight excess of positive particles. 

Apart from small irregularities the high-momentum part of the spec¬ 
trum obeyed a power law, namely the number of particles with 
momenta between p and p~\-dp is given by 

S(^) dp ~ p-^^'^^dp. 

The average momentum of the particles was about 3,000 MEV./c. 

17 . In the literature the result of curvature measurement is often re¬ 
ferred to as an ‘energy spectrum’. It must be pointed out, however, that 
the curvature of a particle in a magnetic field can only be used to deter- 

t The loss of momentum of cosmic-ray particles when traversing a metal plate placed 
in the chamber was also investigated. The difference of curvature of the track above 
and below the plate gives directly the amount of momentum lost in the traversal. 
Measurements of this kind have been carried out by Anderson (1933 a), Anderson and 
Neddermeyer (1937), Crussard and Leprince-Ringuet (1937 a, 6), Blackett and Wilson 
(1937), J. G. Wilson (1938, 9), and by Ehrenfest (1938 a, 6). 
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min© the momentum of the particle. The energy can only be derived 
from the momentum if the rest-mass is known. For fast particles, that 
is, for particles with momentum ^ > me (where m is the rest-mass), the 
energy is nearly proportional to the momentum, that is 

cp Cii W, (5) 

In the high-velocity region it is therefore not essential to distinguish 
between energy and momentum. At the time when the spectrum was 
measured it was assumed that the particles were electrons and therefore 
the relation (5) seemed to he well satisfied for practically all particles. 
Later it was found that cosmic rays contain particles of different mass. 
Thus to find the exact value of the energy of a cosmic-ray particle it is 
necessary to know both curvature and mass. 

It seems therefore more suitable to interpret curvatures in terms of 
momentum as this interpretation is exact and independent of mass. 

2. Showers 

(a) Observations of Anderson and of Blackett and Occhialini 

18 . Skobelzyn (1929) observed that cosmic rays occur in groups. 
Among twenty photographs containing cosmic-ray tracks Skobelzyn 
found three photographs containing two particles and one photograph 
containing three particles. 

Complex showers of particles were later found by many other obser¬ 
vers. Anderson (1933), Blackett and Occhialini (1933), Herzog and 
Scherrer (1935), Anderson and Neddermeyer (1936), Ehrenfest and 
Auger (1936), Stevenson and Street (1936), and many others. 

19 . The cloud-chamber technique was greatly improved by Blackett 
and Occhialini (1932, 3) who succeeded in triggering the expansion of the 
chamber by a set of Geiger-Miiller counters whenever cosmic rays passed 
through the chamber. With this technique most of the photographs 
obtained show tracks of cosmic-ray particles. Besides, the counter- 
controlled chamber is suitable for selecting showers. 

Controlling the chamber by the coincidences of two Geiger counters, 
one above and one below the chamber, the following results were ob¬ 
tained. 

1. About 80 per cent, of the photographs contained single particles 
while the rest showed more or less complex showers. 

2. Both the single particles and the shower particles were found to 
contain positively and negatively charged particles in equal numbers. 

3. Shower particles were found to have a strong tendency to produce 
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secondary showers. This was shown clearly by placing a horizontal lead 
plate across the chamber;, shower particles falling on the plate frequently 
give rise to secondary showers in the plate. 

4. Secondary showers were also observed emerging out of the bottom 
of the plate without an ionizing particle entering the plate from above. 
Such showers must be attributed to non-ionizing links contained in the 
showers. 

5. Some of the showers were found to contain heavily ionizing par¬ 
ticles moving in random directions. Such particles may be attributed to 
nuclear disintegrations. A clear case of a nuclear disintegration obtained 
by Blackett is shown in Plate 4. 

20 . The above features of shower photographs were also found by 
many other workers. In particular all the above features can be found 
on photographs obtained by Anderson (1936) at Pike’s Peak, 4,300 m. 
above sea-level. Anderson used in his experiments a randomly operated 
chamber. Such a chamber is quite efficient at high altitudes owing to 
the large increase of the cosmic-ray intensity with height. 

Anderson also obtained direct evidence for non-ionizing links—^lie 
obtained photographs showing the production of pairs of particles in 
the gas. As will be seen later, this process represents the production of 
an electron pair in the gas of the chamber by a photon. 

(6) Bossies Arrangement 

21 . The occurrence of showers of cosmic-ray particles was established 
independently of the cloud-chamber evidence by Rossi (1933). Rossi 
observed coincidences between three GM-counters placed in a triangle. 
The counters were so placed that no coincidence could be caused by a 
single particle. The coincidences were due to showers, that is, to groups 
of simultaneous particles, 

Rossi found that the rate of coincidences in a triangular coincidence 
arrangement increases when a thin lead absorber is placed close above 
the counters. Varying the thickness of absorber above the counters it 
was found that the coincidence rate increases up to a thickness of about 
1*5 cm. of lead. Por larger thicknesses of lead above the counters the 
coincidence rate decreases again and the rate reaches an almost constant 
value for thicknesses larger than 5-8 cm. of lead. 

This transition effect was observed later by many other observers, e.g. 
by Sawyer (1933-5), Fiinfer (1933), Gilbert (1934), Woodward (1936), 
Stearns (1936). 

The transition effect is known as the Rossi transition. 
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22. A number of observers have reported the occurrence of a second 
smaller maximum under a thickness of about 17 cm. of lead. Other 
observers have found no second maximum. The available experimental 
evidence is not in favour of the existence of a second maximum (see 
§ 403, Ch. VI). 


(c) Bursts {Hoffmann Stosse) 

23. A phenomenon closely connected with showers was discovered by 
Hoffmann (1927) (cf. Hoffmann and Pforte, 1930); see also Hoffmann 
and Lindholm (1928). It was found that the ionization current in an 
ionization chamber shows occasional discontinuities. These discon¬ 
tinuities were attributed by Hoffmann to the simultaneous passage of 
a large number of particles through the chamber. This phenomenon, 
called ‘StOsse’ or ‘bursts’, was investigated in great detail by many 
workers. 

Montgomery and Montgomery (1935 b) found that the size-frequency 
distribution of bursts follows a simple power law, and that this distribu¬ 
tion can be extrapolated smoothly to include the showers observed by 
coincidence methods. The connexion between showers and bursts was 
also demonstrated by Ehrenberg (1936). 

24. Bursts show transition effects similar to those of showers, except 
that the maxima are found at somewhat larger thicknesses than for 
showers observed with counter arrangements. Transition effects for 
bursts were obtained by Young and Street (1934-7), Nie (1936), Boggild 
(1937), Boggild and Karkov (1937), Carmichael and Chou (1939), Chou 
(1943). 


3 . Hard and Soft Components 

25. Absorption measurements of the cosmic-ray intensity in lead 
showed that the intensity is reduced by about 30 per cent, in the first 
10 cm. of lead. Half of the beam capable of penetrating 10 cm. of lead 
can also penetrate 1 m. of lead: Rossi (1933), Street, Woodward, and 
Stevenson (1935). These results suggested that the cosmic-ray beam 
consisted of a penetrating and a soft component. 

Absorption measurements were also carried out in various materials. 
It was found that the penetrating component is absorbed proportional 
to mass. This was indicated by measurements of Steinke and Tielsch 
(1933), Street, Woodward, and Stevenson (1935), and others. The latter 
authors find that the absorption is more nearly proportional to the 
electron density than to the mass density. 
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The soft component was found to he absorbed more strongly in heavy 
elements than in light elements. The absorption was found to be pro¬ 
portional to per atom (i.e. ZP\A per gram) by Rossi and Alocco (1935), 
Auger and Rosenberg (1935 6, c), and others. 

The hypothesis of two independent components was much empha¬ 
sized by Auger and his co-workers (1935 a, 6) (Auger, Leprince-Ringuet, 
Rosenberg (1935)); in support absorption measurements were carried 
out at various heights above sea-level, at sea-level, and under ground. 

26. The hypothesis of the two components was fully confirmed later. 
It is known now that the soft component consists of electrons as 
already suggested by Auger and others. The penetrating component 
consists of mesons, a new kind of particle (see § 28). It was found, 
however, that the soft component is not entirely independent of the 
hard component. 

Clay, Gemert, and Clay (1939), V. C. Wilson (1939), and others 
observed that the soft component persists down to great depths below 
sea-level; the relative intensity of the soft component increases with 
depth. The intensity of the primary soft component should be negligible 
under ground and therefore the soft component observed there is 
secondary. 


Soft Component and Showers 

27. It was noticed variously that the intensity of showers is propor¬ 
tional to the intensity of the soft component (Woodward (1936), Auger 
(1935 a), and others). E. Regener and Ehmert (1939) found that the 
shower intensity is strictly proportional to the total intensity at large 
heights (10-16 km. above sea-level). As at those heights the soft 
component is preponderant, Regener’s results show that the shower 
intensity is proportional to the intensity of the soft component at great 
heights. 

The observations described so far refer to small showers. Large 
showers or bursts increase with height much more rapidly than the soft 
component. This was shown by Montgomery and Montgomery (1935 a) 
and others. 

The shower intensity was also observed under ground by a number 
of observers, e.g. Follet and Crawshaw (1936), Clay and Clay (1935), 
Ehmert (1937), Barnothy and Forro (1937), V. C. Wilson (1939), and 
others. 

It was found that the shower intensity under ground is roughly pro¬ 
portional to the soft component. 
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D. Cosmc-RAY Pabticlbs 
1 . Positron and Meson 

28. The ionizing cosmic-ray particles are found to contain positive 
and negative electrons, mesons, and protons. 

The positive electron and one type of meson were discovered in the 
course of cloud-chamber studies of cosmic rays. 

1. The positive electron was found by Anderson (1932, 3 a, 6). The 
evidence brought forward by Anderson was much supported and en¬ 
larged by Blackett and Occhialini (1933). Apart from many photographs 
showing positive electrons the latter authors have shown that the posi¬ 
tive electron can be identified with the ‘ hole ’ of Dirac’s relativistic theory 
of the electron. 


2. There are at least two types of meson. The more common type, 


the jLt-meson, has a mass 




Mesons have either positive or negative charge. The />t-meson decays 
spontaneously, emitting an electron and possibly one or more neutrinos; 
the details of the decay process are uncertain. 

Mesons were predicted by Yukawa (1935); the /z-meson was dis¬ 
covered experimentally by Anderson, the heavier 7r-meson by Lattes, 
Occhialini, and Powell (1947). Only the 7T-meson is connected with 
Yukawa’s theory. Photographs indicating the occurrence of mesons 
were obtained by various authors. In fact a photograph showing the 
track of a meson was published by Kunze (1933 6) before Yukawa’s 
theory. No notice of this photograph was taken. A convincing photo¬ 
graph of a meson was published by Williams and Pickup (1938). A clear 
case of a particle with mass intermediate between electron and proton 
was published by Neddermeyer and Anderson (1938) and is shown in 
Plate 2. 


Photographic evidence for the instability of the ja-meson was first 
obtained by Williams and Roberts (1940). Compare Plate 2. 


2 . The Analysis of Cosmic-ray Particles 
(a) Ionization and Mass 

29. The nature of the various types of cosmic-ray particles was 
established mainly by the analysis of cloud-chamber photographs and 
of photographic emulsions. We give a survey of this problem. 

Examining the track of a particle in the cloud chamber or in a 
photographic emulsion one can determine its density of ionization. 
The magnetic curvature in a cloud chamber gives its momentum p. 
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The rate of ionization of a charged particle is proportional to 

{Zelv)J(p), (7) 

where v and p are velocity and momentum of the particle. Ze is the 
charge of the particle. f{p) is a slowly varying function of the momen¬ 
tum p. f(p) increases roughly as logp when p ^ me. Tor not too high 
values of p the function/(29) can be regarded as a constant. 

According to (7) the ionization density decreases with increasing 
velocity v, and reaches a limiting value for high velocities v ^ c. We 
see that all fast singly charged particles show the same ionization 
density irrespective of mass. 

30. Most cosmic-ray particles show an ionization density comparable 
with that of fast jS-particles. It is concluded therefore that most cosmic- 
ray particles are singly charged and are fast. 

A few tracks show ionization exceeding that of j8-particles. Such 
tracks are due to slow particles. ‘Slow’ means a velocity appreciably 
smaller than c. A particle with velocity or less may be termed slow. 

Tast particles carrying multiple charges also show heavy ionization. 
The tracks of multiply-charged particles were observed in photographic 
emulsions exposed at 30 km. height, at a pressure of | cm. Hg. (Preier, 
Lofgren, Ney, Oppenheimer, P., Brandt, H. L., and Peters (1948).) 

31. The mass of a slow particle can be determined when both velocity 
and momentum are known. The velocity can be determined from the 
density of ionization while the momentum can be determined from the 
curvature or range. 

In case of fast particles with velocity v ~ c the mass cannot be deter¬ 
mined from the curvature. It can be shown, however, that the rest-mass 
of the particle must be less than pjc. Thus we have 

m < pjc, (8) 

(6) Electrons 

32. Past cosmic-ray particles with a curvature corresponding to a 
momentum of the order of 10 MEV./c are observed frequently, especially 
among shower particles. Prom the relation (8) it is seen that such tracks 
are due to particles with small mass; such tracks are assumed to be 
electron tracks. 

The positron 

33. Anderson (1932, 3) found particles with positive curvature and 
low momentum; he showed that these particles had to be interpreted 
as positively charged electrons. Experimental material supporting the 
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evidence for the occurrence of positive electrons was put forward by 
Blackett and Oochialini (1933), 

34. The sign of charge of a particle moving in a magnetic field can 
only he determined if the direction of motion is known. There are a 
number of methods which can be used to ascertain the direction of 
motion of a particle. 

Among other methods we mention the following. A particle travers¬ 
ing an absorber is losing energy and therefore its curvature is smaller 
before entering than after leaving the plate. 

One of the first photographs which was taken by Anderson as evidence 
for the positive electron showed the following features. A particle with 
a curvature corresponding to 63 MEV. was seen to enter a lead plate 
0-6 cm. thick. The track emerged with a curvature corresponding to 
23 MEV. The particle showed positive charge and an ionization density 
suggesting electronic mass. 

The mass of the positron was later shown to be exactly equal to that 
of the negative electron by Thibaud (1933 a). 

Properties of the positron 

35. From curvature measurements it was inferred that most of the 
shower particles are positive or negative electrons. Blackett and Occhia- 
lini suggested as a possible source for these electrons that they are 
created in pairs together with negative electrons by photons. It was 
suggested that a photon with energy exceeding 

2mgc2 cni 1 MEV. 

can be absorbed in the neighbourhood of a nucleus giving rise to a pair 
of electrons. 

This suggestion was later confirmed experimentally by Chadwick, 
Blackett, and Occhialini (1933), by Anderson (1933 6), and by Curie and 
Joliot (1933). It was shown that electron pairs can be produced by the 
y-rays emitted by ThC" (2-6 MEV.). 

Dirac’s relativistic theory of the electron 

36. The experimental discovery of the positive electron threw new 
light on the Dirac theory of the electron. 

Before the discovery of the positive electron one of the most serious 
difficulties of Dirac’s theory was the prediction of the existence of states 
of negative energy apart from the ordinary states of positive energy. 
This difficulty was realized to be fundamental, as it seemed impossible 
to exclude transitions between states of positive and negative energy 
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by some minor modification of tke theory. Moreover the negative 
energy states were found to play as essential a part as intermediate 
states in processes where Dirac’s theory led to agreement with experi¬ 
ment. 

Dirac’s interpretation of the states of negative energy was as follows. 
Electrons occupying states of negative energy cannot be observed 
directly, but once an electron is lifted from a state of negative energy 
into a state of positive energy the empty state of negative energy or 
‘hole’ becomes observable and it behaves as a particle with positive 
charge. 

Dirac thought that the empty states of negative energy have to be 
identified with protons. It was shown by Weyl that these empty states 
must be assumed to appear as particles of electronic mass. 

Identification of positron 

After its discovery the positive electron was identified by Blackett 
and Occhialini with Dirac’s hole. 

37. It was pointed out that the creation of an electron pair can be 
regarded as the lifting of an electron from a state of negative energy 
into a state of positive energy by a photon of energy exceeding 2mgC^. 
Further, according to Blackett and Occhialini the falling of a (negative) 
electron into an empty hole would appear as the collision of a positive 
electron with a negative electron, resulting in the annihilation of both. 
The liberated energy was assumed to be emitted in form of two quanta. 
This later process was confirmed experimentally by Thibaud (1933 6). 
The anomalous absorption of y-rays observed for energies above 1 MEV. 
can also be interpreted in terms of the creation and subsequent annihila¬ 
tion of electron pairs (Blackett and Occhialini (1933), Curie and Joliot 
(1933)). 

Bethe-Heitler theory 

38. Bethe and Heitler (1934) derived both the cross-sections for the 
production of electron pairs by photons and the cross-section for the 
emission of photons by electrons in inelastic collisions with atomic 
nuclei. 

Both cross-sections are of the same order of magnitude, and lead to 
the following conclusions: 

1. The rate of loss of energy, of an electron due to the emission of 
energetic photons increases rapidly with energy and therefore the range 
of energetic electrons increases only slightly with increasing primary 
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energy. The cross-section for pair production by photons is so large that 
high-energy photons are absorbed almost exclusively by this process. 
The range of energetic photons is of the same order as that of energetic 
electrons. 

2. Both cross-sections, that for pair production and that for emission 
of quanta, are proportional to Thus electrons or photons are ab¬ 
sorbed much more strongly in heavy elements than in light elements. 

Cascade showers 

39. An energetic electron or photon falling on an absorber is quickly 
absorbed but it starts a complex secondary process and the descendants 
of the primary may penetrate much farther than the primary. 

A primary electron will be stopped after having emitted one or more 
photons with energies comparable with its own. The secondary photons 
will be absorbed, giving rise to pairs of electrons, and some of these 
electrons will have energies comparable with those of the photons. 
These electrons will produce new photons and the process will go on 
until comparatively low-energy photons and electrons are produced. 

The idea that the absorption of energetic electrons or photons leads 
to cascades of this sort was put forward simultaneously by Bhabha and 
Heitler (1937) and by Carlson and Oppenheimer (1937). These authors 
pointed out that most cosmic-ray showers can be interpreted in terms 
of such cascades. 

40. It was further shown that the intensity distribution of cosmic 
rays in the higher atmosphere could be accounted for by assuming 
primary electrons incident on the top of the atmosphere; the variation 
of the cosmic-ray intensity with geomagnetic latitude could also be 
accounted for in terms of the cascade theory on the assumption that 
low-energy particles are cut off by the magnetic field of the earth 
(Heitler, 1937 6; Nordheim, 1938). 

(c) Penetrating Particles 

Two hypotheses 

41. The cascade theory was thus found to be capable of accounting 
for the properties of the soft component. To account for the hard com¬ 
ponent the following two alternative hypotheses were put forward (the 
second hypothesis was found ultimately to be the correct one): 

1. The hard component consists of electrons. To account for the great 
penetrating power of the hard component it must be assumed in this 
case that the Bethe-Heitler theory breaks down for sufficiently high 

3595.40 o 
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energies and that the rate of loss of very high-energy electrons is much 
smaller than predicted by the theory. 

Alternatively: 

2. The Bethe-Heitler theory is valid up to the highest energies but the 
penetrating particles are not electrons. In this second case it must be 
assumed that the penetrating particles have a rest-mass exceeding that 
of the electron as the rate of radiative loss is inversely proportional to 
the square of the rest-mass. 

Fallacy of the breakdown hypothesis 

42. Hypothesis 1 seemed to be favoured by measurements of the rate 
of loss of momentum of particles crossing metal plates (Anderson and 
Neddermeyer (1937); Blackett and Wilson (1937)). It appeared that 
particles with low momentum were losing energy in accordance with the 
calculated loss for electrons, while particles with higher niomeiituin were 
found to lose much less energy than expected for electrons from the 
Bethe-Heitler theory (1934). 

These experimental results were explained later. It was established 
eventually that hypothesis 1 is inaccurate and that the high-momentum 
particles are mesons while the low-momentum particles are electrons. 
The apparent change of behaviour at about 200 MEV./c is due to the 
fact that most electrons have momenta less than 200 MEV./c while most 
mesons have momenta above this limit. These two limits are quite 
independent of each other and it seems purely accidental that the two 
spectra have only a small overlap. 

43. The electron and meson spectra do actually overlap. A small 
number of electrons with momentum above 200 MEV./c and also mesons 
below 200 MEV./c have been found. Before the experimental discovery 
of the meson Anderson showed that the cosmic-ray particles can be 
divided into two groups—the first group containing ‘ shower-producing 
particles’, the second group containing penetrating particles. The energy 
loss of the first group of particles was found to be of the order to be 
expected for electrons. 

44. The breakdown hypothesis 1 was (wrongly) accepted for some 
time, because theoretical reasons were put forward to the effect that the 
Bethe-Heitler theory might become invalid for energies above 137m^C“. 
These theoretical arguments were, however, fallacious. It was shown 
by Williams (1934 a, 6, c) by means of semi-classical considerations 
that the Bethe-Heitler (1934) theory must be valid for high energies 
if valid for low energies. 
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Protons 

45. Before the experimental discovery of the meson the alternative 
to the breakdown hypothesis was taken to be the hypothesis that the 
penetrating cosmic-ray particles are protons. 

The proton hypothesis met with immediate difficulties. Firstly, it 
would have imphed the assumption of negative protons, while no direct 
evidence for the occurrence of negative protons has ever been found. 

46. The main difficulty of the proton hypothesis was, however, that 
protons with momentum less than say 1,000 MEV./c are slow and ionize 
more thickly than fast particles. The analysis of Brode, McPherson, and 
Starr (1936) and of Blackett (1937 a) showed that the number of heavily 
ionized tracks is too small to be compatible with the proton hypothesis. 
Blackett found that among 150 tracks corresponding to particles with 
momentum less than 600 MEV./c only three positive ones showed any 
sign of more than average ionization density. 

From these observations it was concluded that the number of fast 
protons cannot exceed about 10 per cent, of the number of fast particles. 
It is not unlikely that the actual number of fast protons is even very 
much smaller. 

Mesons 

47. The penetrating particles found among cosmic rays were eventu¬ 
ally shown to be mainly mesons. The /x-meson has a rest-mass of about 
200 times that of the electron, therefore mesons with momentum less 
than about 100 MEV./c ionize more heavily than electrons of the same 
momentum. Mesons with momentum of the order of 50 MEV./c can be 
therefore distinguished clearly from electrons on account of their heavier 
ionization; they can also be distinguished from protons as protons of this 
momentum ionize extremely heavily. Besides a proton of 50 MEV./c has 
a remaining range of only 2 cm. of air while a meson of this energy has 
a remaining range of several metres of air at N.T.P. 

48. The first clear case of a meson track was obtained by Nedder- 
meyer and Anderson (lOSS)']* (see Plate 2). A somewhat heavily ionizing 
track is seen to enter a lead plate. It emerges as a thicl^ly ionized track 
ending in the gas. From the curvature of the track, its ionization, and 
its range below the plate it can be shown that the track must be due 
to a particle with a mass intermediate between electron and proton. 

Slow mesons are very rare. This is due to the fact that the remaining 

t A track of a slow meson was actually published by Kunze (1933 a) [p. 10, Fig. 5]; 
no notice of this photograph seems to have been taken. 
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range of a meson once it has become slow is very short. The small 
number of slow mesons observed is therefore in no contradiction with 
the fact that most fast cosmic-ray particles are mesons. 

3. The Meson 
{a) Yukawa's Theory 

49. Mesons were predicted theoretically by Yukawa (1935) long 
before their experimental discovery. Yukawa introduced the meson as 
a hypothetical particle responsible for the short range forces between 
nucleons (i.e. proton or neutron). 

Yukawa predicted that this particle should have a mass SOOm^ with 
positive or negative elementary charge and he suggested that such 
particles might be found among cosmic rays. 

To account for the radioactive j8-decay Yukawa assumed the hypo¬ 
thetical particle to be unstable and to decay after a half-life of 0*25.10“® 
sec. into an electron and a neutrino. 

The predictions of Yukawa seem to have been fulfilled; though the 
particle responsible for nuclear forces is most likely not the jit-meson as 
originally thought, but the somewhat heavier 7r-meson, discovered later, 
in photographic emulsions. 

(6) The Instability of the Meson 

50. The jLt-meson has been shown experimentally to be unstable, 
having a half-life of about 2.10“® sec. 

Photographic evidence 

Direct evidence for the instability of the jtx-meson was first obtained by 
E. J. Williams and Roberts (1940) on a cloud-chamber photograph. The 
photograph is reproduced on Plate 2, and it will be shown later that 
this photograph must be interpreted as showing a slow meson entering 
the gas of the chamber, coming to rest, and emitting a fast electron. 

More photographs of this kind were obtained by Williams and 
Evans (1940), by Johnson and Shutt (1942) in high-pressure cloud 
chambers, and recently by Anderson, Adams, Lloyd, and Rau (1948) at 
high altitude. 

Absorption anomaly 

51. Indirect evidence for the instability of mesons could be deduced 
from experimental results which were obtained before the experimental 
discovery of the meson. 

Pollet and Crawshaw (1936) compared the vertical intensity of cosmic 
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rays under 60 m. water-equivalent below ground with the intensity near 
sea-level in inclined directions. They found that the absorption in air 
appeared to be stronger than the absorption in the ground. A similar 
anomaly was observed by Ehmert (1937). 

Auger and his co-workers (Auger, Ehrenfest, Fr6on, and lournier 
(1937), also Ereon (1942, 4)) observed very pronounced anomalies in tlie 
absorption of cosmic rays in air. It was found that the absorption oi 
the atmosphere in directions inclined to the vertical was markedly 
stronger than the absorption in mass-equivalent layers traversed in the 
vertical directions. 

52. The anomalies were interpreted by Kulenkampff (1938) in terms 
of the decay of the meson. A meson beam passing through an absorber 
of small density is more weakened than it would be after passing through 
a dense absorber of the same mass. The passage through the absorber 
with the smaller density takes a longer time than the passage througli 
the dense absorber and therefore the fraction of the beam lost through 
decay is larger during the passage through the less dense absorber. 

The theory of the absorption anomaly was treated in some detail by 
Euler and Heisenberg (1938) and also by Rossi (1939). 

The absorption anomaly was observed more directly l)y coni{)aring 
the absorption of mesons in air with the corresponding al)sorpti()n in 
dense materials. Such experiments were carried out by Rossi, llilberry, 
and Hoag (1940), Neher and Stever (1940), Alichanov (1942), and others. 
The observations lead to a reasonable half-life of the meson. 

Temperature effect 

53. It was pointed out by Blackett (1938 ^;) that the tomp(^ratnro 
effect observed by Hess, Graziadei, and Steinmauror (1935), Barnuthy 
and Forro (1936), Compton and Turner (1937), Clay and Bruins (1939), 
Beardsley (1940), and in great detail by Duperier (1944^, fc), and others 
can be accounted for in terms of the instability of the meson. If the 
temperature of the atmosphere increases without change of ])resHnre 
then the mass of air expands and the time of trav(^l of the mesons 
through the atmosphere is increased. Thus an increase of the tempera¬ 
ture should be accompanied by a decrease of the meson intensity. 

Direct measurement of the mean life of ^.-mesons 

54. The mean life of g-mesons was also observed directly. The ex|)eri- 
mental arrangement permitted the direct measurement of the time 
interval between the instant a meson was brought to rest inside an 
absorber and the emission of a decay electron by the meson. 
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Such experiments were carried out by Rasetti (1941), Maze (1941), 
Auger, Maze, and Chaminade (1942), Chaminade, Fr6on, and Maze 
(1944), Rossi and Nereson (1942-3). These investigators obtained for 
the half-life of the positive /x-meson 2. IQ-® sec. 

For slow negative jit-mesons there is competition between nuclear 
capture and spontaneous decay. In lead capture is predominant, while 
decay is negligible; in carbon capture is negligible; in sodium capture 
apparently reduces the half-life (see § 346). 

The relativistic time contraction 

55. It is interesting to compare the value obtained for the half-hfe of 
the meson by direct measurement with the values obtained from the 
absorption anomaly. 

According to the theory of relativity it is necessary to distinguish 
between the proper life of a meson, that is, the life as it appears to an 
observer travelling with the meson, and the apparent life found by an 
observer on the earth having a large velocity relative to the meson. 
Owing to the relativistic time contraction the apparent life of a meson is 
much longer than the proper hfe. To compare the determinations of the 
life of the meson from absorption and from direct measurement it is 
necessary to convert apparent life of the fast meson into the p)roper time. 
When the conversion is carried out the results of the two determinations 
are found to be in good agreement. 

We note, incidentally, that the agreement between the two determina¬ 
tions of the hfe of the meson yields a direct confirmation of the relativistic 
time contraction in a region where this contraction is not a small effect 
but gives rise to a factor of the order of ten. 

E. Geomaunetic Effects 

56. The researches so far described give evidence as to the nature and 
composition of cosmic rays at various points of observation. No direct 
information about the nature of the primary cosmic rays falling on the 
earth from outside can thus be obtained. The only certain conclusion 
is that the penetrating component, consisting of mesons, must be of 
secondary origin because of the instability of mesons. 

Direct information as to the nature of primaries can be obtained by 
observing the effects of the earth’s magnetic field upon cosmic radiation. 

1. Stormer^s Theory 

57. Electrically charged particles are deflected in the magnetic field 
of the earth when approaching from outside. The orbits of electrically 
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charged particles in the field of a magnetic dipole were studied in great 
detail by StOrmer. A summary of St5rmer’s early results is given by 
StOrmer (1930). The theory was further developed by Lemaitre and 
Vallarta (1933); see for a summary Vallarta (1938). It was found that 
particles of any momentum can approach the poles of the earth while 
only particles of sufficiently high momentum can approach the earth at 
lower latitudes or at the equator. The minimum momentum for a singly 
charged particle capable of reaching the equator in a vertical direction is 
found to be 15,000 MEV./c and only particles of momentum exceeding 
60,000 MBV./c can approach the earth from any direction. 

The total intensity of cosmic rays is therefore expected to decrease 
with decreasing geomagnetic latitude, provided the primaries are electri¬ 
cally charged, and provided at least some of the primaries have suffi¬ 
ciently small momentum. 


2. Observations 

(a) Latitude Effect 

Low altitudes 

58. The magnetic latitude effect was first observed by Clay (1927, 8, 
30) in the course of a voyage between Amsterdam and Batavia. Clay’s 
earlier results were not generally accepted until 1930 because of a 
number of negative results of other workers. 

The effect observed by Olay was later fully confirmed. The latitude 
effect was observed by Compton and his co-workers (Compton (1933)), 
Bowen, Millikan, and Neher (1934), J. Clay (1934), and many others. 
Literature has been collected by Miehlnickel (1938). 

A particularly detailed survey was organized by A. K. Compton 
(1933). Seventeen physicists equipj^ed with large ionization chambers 
of similar design measured the cosmic-ray intensity in sixty-nine stations 
distributed over the whole world. The combined observations of these 
observers showed very clearly the dependence of cosmic-ray intensity 
upon geomagnetic latitude. 

The latitude effect can be expressed by the relative cliange of inten¬ 
sity between geomagnetic equator and pole. Tliis change is given by 

It was found that r ^ 0*1 for sea-level. The effect increases with height 
and at 4,360 m. altitude (corresponding to a pressure of 45 cm. of Hg) 
r 0*33. 

The survey organized by Millikan led to much the same result. 
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High altitudes 

59. Millikan and his co-workers measured the latitude effect up to 
Teiy great heights (2 cm. Hg pressure). (A summary is given by 
Milhkan, Neher, and Pickering (1943).) The latitude effect increases 
considerably with height and at a height corresponding to 3 cm. of Hg 
pressure is about 80 per cent. 

The latitude effect extends only up to geomagnetic latitudes of about 
Por higher geomagnetic latitudes the intensity remains constant. 
This latitude cut-off was revealed by Compton’s survey (1933). Such 
a cut-off was also found by Clay, van Hooft, and Clay (1935) and Cosyns 
(1936a) at great heights when collecting measurements carried out in 
balloon flights over the continent of Europe. The cosmic-ray intensity 
remains constant from 50° to the magnetic poles, as was shown by 
Carmichael and Eymond (1939). A number of balloon flights were 
carried out from stations at high geomagnetic latitudes, including one 
near the magnetic pole. It was found that the height-intensity curves 
thus obtained were in agreement with that obtained by Pfotzer (1936) 
over Germany. 


(6) Longitude Effect 

60. On a voyage on which the geomagnetic equator was crossed 
several times Clay, Alphen, and Hooft (1934) found that the cosmic-ray 
intensity depends also on geomagnetic longitude. This effect was ob¬ 
served independently by Millikan and Neher (1935, 6). Along the geo¬ 
magnetic equator the maximum of the intensity is found in South 
America and the minimum near the Philippines. The effect can be 
accounted for in terms of the asymmetric position of the equivalent 
magnetic dipole (Vallarta, 1935). 

(c) Asymmetries 

61. The magnetic field of the earth also causes an asymmetry of the 
intensity distribution round the vertical. A comparatively large asym- 
metry between east and west is to be expected and a smaller asymmetry 
between the intensities from the south and north. Apart from these 
as57mmetries one is led to expect that the intensity distribution round 
the vertical shows a fine structure (Schremp, 1938). 

An indication for an east-west asymmetry was found by Eossi (19316). 
The east-west asymmetry was observed first by Johnson and Street 
(1933) and Johnson (1933 a, b, 4, 5 6) and also by Rossi (1934) and Clay 
(1935 a, 6). The observations show an excess of the intensity from the 
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west over that from the east. This excess indicates an excess of positively 
charged particles in the primary beam. 

The north-south asymmetry was observed by Johnson (1935 a), Clay 
(1935a, 6), and Rossi (1934). On the northern hemisphere an excess 
from the south above the intensity from the north was found. An 
extensive survey of asymmetries is due to Johnson (19356). 

3. Interpretation of the Geomagnetic Effects 
Theories of Stormer and of Lemaitre and Vallarta 

62. StOrmer’s theory of the motion of charged particles in the mag¬ 
netic field of a dipole was originally developed to account for the aurora 
borealis. The theory was applied to cosmic rays by Stormer (1930-8), 
Lemaitre and Vallarta (1933, 5, 6), Fermi and Rossi (1933), Rossi 
(1934), and Swann (1933). A comprehensive summary of the theory 
is given by Vallarta (1938). 

The problem of the intensity distribution was much simplified when 
it was shown by general dynamical reasoning that the effect of the 
magnetic field on an isotropically distributed primary radiation was 
merely to cut out particles of a given momentum in certain directions. 
The problem of the intensity distribution reduced therefore to that of 
the determination of forbidden directions as functions of geomagnetic 
coordinates and momentum. 

The determination of forbidden directions was much complicated by 
the shadow effect of the solid earth. The theory of the forbidden cones 
was treated in great detail by Vallarta and his co-workers, e.g. Lemaitre, 
Vallarta, and Bouckaert (1935), Schremp (1938), and others. 

63. The observed geomagnetic effects were shown to be capable of 
interpretation in terms of the theory of the magnetic deflexion. The 
comparison between theory and observation could not be carried out 
strictly as (1) the spectrum of the primaries was not known, (2) the 
details of the secondary processes were not known. 

Conclusions 

64. The following may now be stated: 

1. The latitude effect in the upper atmosphere is probably caused by 
incident electrons with a power spectrum. This conclusion maintained 
by the author is not generally accepted. 

2. The latitude effect near sea-level is probably due to primaries 
different from those producing the effects at high altitudes. It was 
suggested by Johnson (1938c,d, 9 a, 6) and later by others that the 
primaries responsible for the low-altitude effects are protons. 
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3. The cut-oflE of the magnetic effects near 50° is accounted for most 
easily by assuming that the primary spectrum is cut off at the low end 
by some other agency than the earth’s field and it does not contain 
primaries with momentum less than 3,000 MEV./c. Such a cut-off of 
the spectrum could be accounted for by the magnetic field of the sun, 
as was suggested by Janossy (1937) and later by Vallarta (19376) and 
Epstein (1938). The hypothesis was discussed in some detail by Vallarta 
and Godart (1939). 

Primary energies 

65. In interpreting the geomagnetic effects the following interesting 
feature has to be accounted for. Only primaries with momentum 
exceeding 15,000 MEV./c can approach the earth vertically at all 
latitudes. (Only particles with momentum larger than 60,000 MEV./c 
can approach the earth freely from all directions at all latitudes.) The 
latitude effect at sea-level is only 10 per cent. It must be concluded 
therefore that 90 per cent, of the particles reaching sea-level are due to 
latitude insensitive primaries, thus the primaries responsible for 90 per 
cent, of the intensity at sea-level must have momenta larger than 
15,000 MEV./c. 

The average momentum of the mesons at sea-level is of the order of 
3,000 MEV./c, while a meson passing through the atmosphere is expected 
to lose 2,000 MEV./c. Therefore the mesons must have started with an 
average momentum of 5,000 MEV./c. This momentum is much smaller 
than the average momentum of the primaries as deduced from the 
latitude effect. 

The margin between the momentum of the primaries and the secon¬ 
dary mesons can be best accounted for by assuming that each primary 
splits up its energy and gives rise to several mesons while passing 
through the atmosphere. 

This interpretation of the latitude effect was put forward by Nord- 
heim (1938) and by Bowen, Millikan, and Neher (1937). As a result of 
this consideration it was realized even before the discovery of the meson 
that the penetrating component must be of secondary origin. That the 
penetrating component must indeed be secondary became quite clear 
as soon as it was established that the penetrating component consists 
of mesons and that the mesons are unstable. 

F. The Obioin ot the Meson 

66. Since the mesons are unstable they must originate inside the 
atmosphere. As the meson component shows a magnetic latitude effect 
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it is also clear that the mesons are the secondaries of a primary radiation 
coming from outer space. It was pointed out by Johnson (1938^,6, 
9 a, 6) and later elaborated by others that the most likely primaries 
giving rise to the meson components are protons. 

The most important objective of present cosmic-ray research seems 
to be to determine the process by which mesons are produced. 

Height of Production 

67. The mesons must be created at very high altitudes. It was shown 
by Euler and Heisenberg (1938) that the absorption anomalies can be 
accounted for on the assumption that they are formed in a region about 

16 km. above sea-level. 

A more sensitive test of the height of origin of the mesons is obtained 
from the analysis of the temperature effect. It was shown by Duperier 
(1940, 46) that the temperature effect is best accounted for on the 
assumption that mesons have originated at a height of 16 km. or even 
higher. 

Penetrating Showers 

68. Though it is clear from the evidence given in the last paragraph 
that the bulk of the mesons are produced at very great heights a few 
mesons are also produced near sea-level. Various observers have ob¬ 
tained photographs containing groups of penetrating particles (Fussel 
(1938), Braddick and Hensby (1939), Herzog and Bostick (1940), Powell 
(1940, 1), Janossy and co-workers (1941), Wollan (1941), Bostick 
(1942), Hazen (1943, 4), Bose and co-workers (1944), Rochester (1944,6), 
Daudin (1942, 3), Fretter (1948)). Such photographs are most easily 
interpreted in terms of the production of mesons near the cloud chamber. 

Wataghin and his co-workers (1940) observed showers penetrating 

17 cm. of lead. Independently Janossy and Ingleby (1940) observed 
showers penetrating 50 cm. of lead. Some of these showers must be 
interpreted as groups of mesons produced near the recorder. 

Transition effects of such penetrating showers were observed by 
Janossy (1941) and Janossy and Rochester (1944a). These effects show 
that the cross-section for the production of mesons is of the order of 
magnitude of the size of atomic nuclei (compare also Regener (19436)). 

Stars 

69. A phenomenon which may be connected with the production of 
mesons was first observed by Blau and Wambacher (1937 a, 6). It was 
found that suitably prepared photographic plates exposed for a long 



28 


HISTORICAL INTRODUCTION 


[Chap. I 


time to cosmic rays at ligli altitudes show 'stars’ after development. 
Each star consisted of a number of tracks left hy particles which 
emanated from a common centre. The ranges of these particles were 
often much longer than expected for radioactive a-particles. It was 
concluded that stars are disintegrations of nuclei caused by cosmic rays. 
Only slow particles give rise to a suficient density of ionization to be 
observable in an emulsion. The question whether or not stars contain 
fast particles cannot therefore be decided. Cloud-chamber photographs 
by Hazen (1943, 4 a), however, show explosions which seem to be inter¬ 
mediate between penetrating showers and ‘stars’. It is therefore likely 
that the two phenomena are closely connected. The first cloud-chamber 
photograph of a ‘star’ originating in the gas of a cloud chamber was 
obtained by Blackett in 1933 (compare E. J. Williams, 1934 a). 

Theory of Hamilton, Heitler, and Peng 
70. The details of the process of meson formation are still somewhat 
uncertain. A theory of the production of mesons in terms of the colli¬ 
sions between fast nucleons has been given recently by Heitler and 
Peng (1943) and Hamilton and Peng (1943). The theory is capable of 
accounting for much of the experimental material connected with the 
hard component as was shown by Hamilton, Heitler, and Peng (1943), 
Heitler and Walsh (1945), Heitler and Janossy (1949 a, 6). 


G. Extensive Air Showers (A-Showers) 

71. Auger and his co-workers discovered in 1938 large showers cover¬ 
ing many hundreds of square metres (Auger and Maze (1938), Auger, 
Maze, and Grivet-Meyer (1938)). Auger, Maze, and Robley observed 
showers with counters separated up to 300 m. Similar observations 
were reported by KolhOrster and his co-workers (1938). These showers 
were investigated by many observers and they are believed to be large 
cascade showers started by energetic primaries and developing through 
the atmosphere. 

Some of the showers had an extremely high particle density and it 
was estimated from cloud-chamber photographs that the total energy 
must have exceeded MEV. 

The theory of extensive air showers in terms of the cascade process 
was given by Euler and Wergeland (1940) and modified by many others 
(see Oh. VIII). While there is some discrepancy in the treatment of the 
phenomenon by different authors it is clear that it is necessary to assume 
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primaries with energies of the order of 10^® MEV. in order to account 
for the phenomenon, 

72. Auger (1938) has noticed that some extensive air showers have 
a surprisingly high penetrating power. Since the first edition of this 
book much work on the penetrating particles in air showers has been 
carried out. The question as to the nature of the penetrating particles 
is at the time of writing most controversial. 

In a number of papers Greisen and his school are arguing to the 
effect that the air show-er phenomena can be accounted for in terms of 
cascades and /u-mesons. Particular stress is laid on the fact that the 
absorption coefScient of photons in lead has a pronounced mmimum at 
a few MEV. (Cocconi and Greisen (1948), Treat and Greisen (1948), 
and personal communications.) 

It was found by V. Tongiorgi Cocconi that air showers contain large 
numbers of slow neutrons. 



II 

EXPERIMENTAL TECHNIQUE 

73. The development of experimental technique has played a decisive 
role in cosmic-ray investigation. It was a long time before physicists 
could convince themselves of the mere existence of cosmic rays. Thanks 
to the development of a suitable technique the existence of the cosmic 
rays can now be demonstrated as a matter of routine, and minute details 
of the properties of the radiation can be investigated successfully. 

In this chapter we give a detailed description of the various experi¬ 
mental techniques which are employed for the investigation of cosmic 
rays. 

The chapter is intended to serve a double purpose. Firstly, we shall 
describe experimental methods so as to facilitate the understanding of 
the significance of the experiments. In particular we shall discuss in 
some detail the significance of the counter-controlled cloud chamber 
and some aspects of the anticoincidence method. 

Secondly, we shall attempt to give sufficient technical detail to be of 
use to the research worker. For convenience of the reader we shall 
mark with an asterisk the paragraphs which are exclusively of technical 
interest. 

A. The Ionization Chamber 

I. Total Intensity 

74. Most of the early investigations were carried out with the ioniza¬ 
tion chamber. Ionization chambers are still used for continuous record¬ 
ing of the cosmic-ray intensity and for the investigation of large showers 
and bursts. For other investigations the ionization chamber has been 
superseded by other instruments. 

A schematic drawing of an ionization chamber is given in Fig. 1. The 
chamber usually consists of a cylindrical metal container and a central 
collecting rod. It is desirable that the wall of the container should be 
as thin as possible in order to avoid effects caused by the material of the 
wall. The chamber is fiUed with gas at as high pressure as practicable 
in order to increase the sensitivity. A compromise between these two 
requirements has to be found according to the actual experiment for 
which the chamber is intended. It is not unusual to find chambers with 
walls about 3 mm. steel. 

A recording electrometer is connected to the central collecting elec- 
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trode. Great precautions have to be taken in insulating the collecting 
rod and the electrometer from the other parts of the apparatus. To 
facilitate the insulation the electrometer is sometimes placed inside the 
chamber. This arrangement, used by Hoffmann (1926, lb) and by 



KolhOrster (1926), has the further advantage that the capacity of the 
central system can be kept very small. The position of the electrometer 
is read through a window by a small microscope. 

Most ionization cliainbers are used with an electrometer placed out¬ 
side the chamber. A guard ring kept approximately at the average 
potential of the electrometer is placed round the lead connecting the 
central electrode with the electrometer. 

75.* The rate of ionization produced in the gas can be measured in 
two different ways. In tlie first method the vessel is kept at earth 
potential and the rate of discharge of tlie electrometer from some initial 
potential is observed. In the second method the vessel is kept at a 
higli potential and the rate of charging of the electrometer is observed. 
Using the latter method great care lias to be taken to keep the potential 
of the walls of the chamber constant, as a cliango of tlie voltage of the 
walls induces charges on the electrometer. 

To reduce background ionization, a grid near the wall of the chamber 
is sometimes introduced and tlie ionization current between the grid and 
the central electrode is measured (Hoffmann (1927 b)). The grid is kept 
at such a potential that the ions produced by o'-particles from radio¬ 
active contamination of the wall are prevented from reaching the central 
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electrode. The distance between the grid and wall must of course exceed 
the range of radioactive a-particles in the gas of the chamber. 

If all the ions of one sign produced in a chamber of volume are 
collected by the central electrode, then the ionization current observed 
can be written as 

^ == ejjyT , (1) 


e being the elementary charge, 'p the pressure in the chamber in atmo¬ 
spheres, r the number of ions produced per c.c. per sec. per atm. The 
rate of change of potential in volts per second is 


dt 


= SOOepri^jC, 


( 2 ) 


where C is the capacity of the central system. 

The actual rate of change of potential is smaller than that given by 
(2), as ions are lost by recombination. The loss of ions due to recombina¬ 
tion is large for small voltages but becomes small for voltages exceeding 
the saturation voltage. Care must be taken therefore that the potential 
difference between the electrodes should never fall below the saturation 
voltage. 

The rate of recombination also depends on the pressure and on 
temperature, see e.g. Compton, WoUan, and Bennett (1934). More ions 
are lost at high pressures and low temperatures than at low pressures 
and high temperatures. Therefore the ionization current increases less 
than proportionally with the pressure. The effect of pressure recombina¬ 
tion is smallest for the monatomic gases; high-pressure chambers are 
therefore most effective when filled with a noble gas. It was found, how¬ 
ever, that even small contaminations increase the recombination con¬ 
siderably; the use of a rather pure noble gas is therefore recommended. 
(Compare Fig. 2.) 

76.* As an example consider a chamber at atmospheric pressure. 
Letp = 1,-^ = 5,000 c.c., and (7 = 1cm. The ionization due to cosmic 
rays at sea-level is of the order of 

Tq— 2 ions per c.c. and per sec. in air of 1 atmosphere. 

The total ionization is, however, of the order oi r = 10 ions per c.c. per 
sec. because of the radioactivity. 

We obtain from (2) 

dO 

— = 7-2 X10“® volt per sec. 


Thus the electrometer will change its potential by about 25 volts per 
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hour and saturation can be safely maintained if the electrometer is 
brought back to its initial position about once an hour. 

Chambers with larger volumes and pressures up to 100 atmospheres 
are sometimes used. The dimensions 
of the apparatus designed by Steinke 
(see Gorlin (1934)) for precision record- 
ingwere'/'^^ 22,600c.c.,p = 10atm., 
and G = 14*25 cm. For this appara¬ 
tus one finds 

d(S> 

— = 0*022 volt per sec. 

dt 

The voltage change of the electro¬ 
meter is compensated by inducing 
at half-minute intervals constant 
amounts of charge on the electrometer 
needle. In this way only the differ¬ 
ence between the induced charge and 
the charge due to the ionization cur¬ 
rent is recorded. The position of the 
needle is photographed hourly, and 
after the photograph has been taken 
the needle is earthed, and the arrangement is reset for the next hour. 

The chaige is compensated at intervals in order to Iceep the needle at 
almost constant potential all the time. This is important since, even in 
the region of saturation, changes in the current with changing voltage 
cannot be excluded. Besides by keeping the electrometer needle always 
near earth potential tlie strain on the insulation can be reduced. 

77.* Standard ionization chambers were designed by KolhOrster 
(1926), Hoffmann (1926), HoifniannandLindholm (1928), Steinke (1928, 
29), Millikan and Cameron (1928, 31), Clay (1933), and others. An elabo¬ 
rate instrument, the Compton meter, was designed by Compton, Wollan, 
and Bennett (19 34). As many models of this type are used for continuous 
recording of cosmic rays w^e give a descrij)tion of the instrument (Fig. 3). 

The ionization is measured in a spherical steel bomb filled with pure 
argon at 50 atm. pressure. The ionization current is compensated by the 
current of a small auxiliary chamber which is exposed to the radiation 
of a source of metallic uranium. By varying the distance between the 
\iranium source and tlie small chamber the compensating current can be 
adjusted so as to be very nearly equal to the average ionization cun’ent 

3695.40 



Pressure 

Fig. 2. Pressure ionization curves. 
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in the main chamber. The electrometer deflexion is recorded con¬ 
tinuously by a moving film. The dimensions of the two chambers are 
so chosen that a small change in the voltage supply causes opposite 
charges to be induced on to the collecting electrodes of the two chambers 
and therefore such a change has no effect on the electrometer deflexion. 



The standard Compton meter is covered with lead shot equivalent to 
10*7 cm. of solid lead. Continuous recording of the cosmic-ray intensity 
with such meters is carried on at a number of stations (see Forbush, 1939). 


2. Bursts 

78. The bursts described in § 23 are observed conveniently with 
ionization chambers. Hoffmann and Lindhohn (1928) and in greater 
detail Hoffmann and Pfoxte (1930) observed sudden jumps of an electro¬ 
meter string which were caused by bursts of ionization released suddenly. 

A typical circuit which can be used to record bursts is reproduced in 
Fig. 4. The collecting electrode of the chamber is connected through a 
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condenser to the grid of the input valve. The plate of the input stage 
operates a linear amplifier of several stages; the output of the amplifier 
may be connected to the deflector plates of an oscillograph or to some 
mechanical recorder. Using an oscillograph one can brighten the beam 



for a short time after each burst and thus record the beam only while 
it is deflected. 

The size of the pulse caused by a burst can bo estimated as follows. 
Consider a chamber filled at 70 atm. pressure, the comliincid (^ajsKuty 
of collecting electrode, coupling unit, and gi-id of the injud, stage being 
10 cm. and the average path length of a particle through i he ehamlu^r 
15 cm. Assuming that a particle gives rise to 50 ions per (un. p<ir 
atmosphere, the voltage pulse due to the passage of a singh^ particde is 
foimd as 

70x50xl5x300c/10 — 10 » volt. 


The collecting time of the ions produced by a burst is of the order of 
I'ff of a second. The time constant CR of the input must be large (com¬ 
pared with this time. The input capacity can hardly ho rccduet'd to I«.ss 
than 10 cm., thus the leak resistance R must bo at least of the onhu- of 
1012 ohm. Only a valve with a well insulated grid is tlucnd’ore suitabh^ 
tor the input stage. An electrometer valve can be used hut most U . F. 
pentodes with the grid terminal on tlie top are satisfae.tory and amrilifV 
more than electrometer valves. ’ * 


79, Pulses of a few millivolts can be amplified easily and th(>r(«for(i it 
wou d not be difficult to design an amplifier which records (>v(‘n th<^ 
smaUest bursts. A lower limit for the burst size which can ho ixccorded 
is imposed by the statistical fluctuation of the incident rays. An aeci- 

en a crow<hngm time of independent particles cannot be distinguisluMl 

from a real burst. We estimate the smallest burst size which can he 
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distinguished from a background fluctuation as follows. If the time of 
collection of the ionization caused by a burst is t, while the average rate 
of particles passing the chamber is r, then the average number of par¬ 
ticles crossing the chamber simultaneously with a burst is iV == r.i. 
From the figures given in § 643, App. I, it can be inferred that fluctuations 
up to five times the standard fluctuation cannot be completely excluded. 
Thus it cannot be excluded that owing to statistical fluctuation during a 
period of the length t the number of independent particles crossing the 
chamber is anything up to 

= N+S^JN. (3) 

Thus only pulses corresponding to more than Nq particles can be 
attributed to bursts. With t = sec., r = 20 particles per sec., we have 
A" = 4, and the smallest burst which can be recognized must contain 
Nq—N = 10 particles. 

Another limiting factor, the fluctuations caused by contamination, 
can be eliminated by using a grid near the wall of the vessel. 

Additional information about the nature of bursts may be obtained 
from the shape of the ionization pulse (Bridge, Hazen, Rossi, and Williams 
(1948)). 

B. Gbiger-Muller Counters 
1. Properties of the Counter 
(a) Description 

80. The Geiger-MuUer counter (1928-9) is an improved version of the 
original point counter of Geiger (1924) (see also Hess and Lawson (1916)). 
It consists of a cylindrical cathode and a thin concentric wire as anode 
(Fig. 5). The counter is filled with a gas at a pressure of about -J- of an 
atmosphere. A voltage of the order of 1,000 volts is applied between the 
electrodes. If one or more ions are produced inside the counter by some 
ionizing agency, these ions are accelerated by the field and an electric 
discharge results. The discharge is quenched shortly after its onset, and 
the resulting electric pulse is recorded either by a sensitive electroscope 
attached to the anode of the counter or by a valve and a mechanical 
recorder. 

The counting action of a counter sets in when the potential difference 
between the electrodes exceeds the starting potential. The counting 
efficiency of a counter increases with increasing potential up to voltages 
50-100 volts above starting potential. For higher 'over-voltages’, i.e. 
in the region of the plateau, the counting rate is almost independent of 

Voltaffe. The ■nlfltfia.n nf orMiTi+ckT. — r - ^ - T T 'i ■ 
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Tor higher voltages the counter starts "racing’ or a continuous discharge 
sets in (see for details Cosyns and de Bruyn (1934) and Werner (1934)). 
Counters are used with voltages inside the range of the plateau, as for 
this voltage range the counter is most efficient and its counting rate is 
only slightly affected by variations of the high-tension supply. 



81. The potential usefulness of the Geiger-Miiller counter for cosmic- 
ray research was realized immediately after its invention. Its practical 
application was, however, handicapped by the great instability of the 
early counters. 

The properties of Geiger-Miiller counters were investigated in great 
detail by Cosyns and de Bruyn (1934) and by Cosyns (19366). Cosyns 
succeeded in constructing highly reliable counters. The counters were 
filled with pure hydrogen and no organic substances were used, so as to 
avoid slow changes of properties due to the instability of organic com¬ 
pounds. 

82. Counter technique was greatly simplified by the discovery by 
Trost (1935, 7) that counters filled with a mixture of an organic vapour 
(e.g. ethyl alcohol) and a permanent gas sliow excellent properties. The 
alcohol counter is a perfectly reliable instrument and can be used for 
precision work. 

(6) The Discharge MecJuinisiin of the OM Gaunter 

83. The discharge mechanism of the GM counter was studied in detail 
and explained by Cosyns (193()6). 

Similar investigations, apparently without knowledge of Cosyns’s 
work, were carried out by C. D. and D. 1). Montgomery (1940), Ramsey 
(1940), Stever (1942), and others. The role of the organic vapour in the 
discharge of counters has been investigated by Korff and Present (1944). 

The discharge in a counter is initiated by the production of at least 
one positive ion and a free electron. The electron is accelerated towards 
the anode by the electric field. In the immediate vicinity of the anode 
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the acceleration is so great that the electron ionizes by collision and thus 
liberates more electrons. The secondary electrons produce further ioniza¬ 
tion and an electric discharge results. The condition for the onset of 
a discharge is roughly that the potential drop along a mean free path 
of an electron in the vicinity of the anode should exceed the ionization 
potential of the gas molecules. 



Fig. 6. External quenching of counter discharge. 

According to the experiments of Werner (1934) the actual condition 
for counting action to set in is that the potential drop along seventy 
mean free paths exceeds 400 V. 

84. The discharge proceeds in the following way. 

In the region round the anode, where the potential gradient is suffi¬ 
ciently large, positive and negative ions are produced and secondaiy 
electrons are set free. The negative charge is absorbed by the anode 
and the positive ions having a small mobility remain, giving rise to an 
increasing amount of space-charge. The space-charge weakens the field 
until secondary ionization ceases and the discharge comes to an end. 

For a short period the ions remain in the vicinity of the anode. 
This period lasts for 10“^ to 10”^ seconds and during this time the 
counter remains insensitive to ionizing particles. 

The positive ions are eventually driven off and neutralized at the 
cathode. While the positive ions are dispersing, the field in the vicinity 
of the anode increases in strength; it reaches its full strength as soon 
as aU ions have disappeared. There is a period for which the field, 
though not fully recovered, is already strong enough to make the counter 
sensitive. This period is of the same order as the dead time and is usually 
called the recovery time. 

The dead time and recovery time were discovered by Cosy ns (1936 6). 

nrn--- 


_ 1 _ 
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After dispersal of the positive ions the discharge does not necessarily 
come to an end. The positive ions have a tendency to emit secondary 
electrons on impact with the cathode. These electrons give rise to 
secondary discharges. There are two ways of preventing secondary 
discharges. 

(c) Quenching of the Counter Discharge 

External quenching 

85. A large leak resistance R is used (Fig. 6). The current flowing 
during a discharge produces a voltage drop across the resistance B, If 
the resistance is sufficiently high, then this potential drop reduces the 



potential between the counter electrodes to a value below the starting 
potential of the counter and thus cuts off all further discharges. 

How large a resistance B is required to cut off the discharge depends 
on the characteristic of the discharge—in particular of the nature of the 
gas. Cosyns found that comparatively low resistances can be used with 
I^ure hydrogen or witli a mixture of hydrogen and a rare gas. 

Resistances of the order of 10^® to 10^^ ohm were frequently used. 
Hydrogen counters, however, can be used with resistances as low as 
10^ ohm. It is of advantage to use non-ohmic resistances. Cosyns 
reconiinends the use of a very hard photocell illuminated by a small 
lamp: the illumination can be varied in order to adjust the saturation 
current through the cell. 

The great advantage of the hydrogen counter in comparison with the 
alcohol counter is its greater stability; in particular the hydrogen 
counter is independent of temperature while alcohol counters deteriorate 
when used at low temperatures. 

The alcohol counter, however, has the advantage of short recovery 
time and is also easy to manufacture. 
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Instead of relying on the quenching of the discharge by means of 
an external resistance Neher and Harper (1936) use a pentode which 
cuts off the H.T. of the counter soon after the discharge has set in. The 
circuit diagram is given in Fig. 7 (see also Maze (1941)). 

Getting (1938) used a multivibrator circuit for cutting off the H.T. 
after onset of a discharge. This method was further elaborated by 
Simpson (1946) and Hodson (1948) (see also App. IV). 

Internal quenching 

86. The discharge in counters containing alcohol vapour is quenched 
internally—^Trost (1935-7). It seems that in the presence of alcohol 
vapour no secondary electrons are emitted after the initial discharge has 
been stopped by the space-charge. As the quenching of the discharge is 
independent of the leakage resistance, this resistance can be small and 
the time constant of the counter output can be made short. 

The function of the organic vapour in quenching the. discharge was 
investigated by Korif and Present (1944) and was found as follows: 

1. The organic vapour molecules being very heavy help to set up 
the positive space-charge round the anode. 

2. The organic vapour molecules absorb photons and thus prevent 
the discharge from spreading away from the anode. 

3. The organic vapour molecules prevent the emission of secondaries 
from the cathode after the impact of the positive ions. 

Spread of discharge 

87. It was shown by Brode (quoted by Stever (1942)), Ramsey (1942), 
Wilkening and Kane (1942), and Stever (1942) that counter discharges 
spread quickly along the counter wire. The amount of charge liberated 
in a fast counter discharge is proportional to the length of the wire, and 
therefore it must be assumed that the discharge takes place uniformly 
along the wire. The spreading of the counter discharge was demonstrated 
as follows. The cathode of a counter was split in the middle (Fig. 8). 
The anode was kept at a constant potential and pulses were registered 
from both halves of the cylinder. It was found that pulses always 
occurred simultaneously on both halves of the cylinder, showing that 
discharges started in either half of the counter spread to the other 
half. It was further shown that a small bead placed on the counter 
wire was sufficient to stop the spreading of the discharge. It was con¬ 
cluded therefore that the spread takes place in the region immediately 
surrounding the wire. The spread is probably due to photons. 



§87] 


GEIGER.MVLLER COUNTERS 


41 



Fio. 8. Investigation of the spread of discharge along the counter wire. 


(d) Efficiency of Counters 

88. (i) The efficiency /q of a counter is defined as the probability 
that a discharge is initiated by a particle crossing the sensitive volume. 
The quantity 1—/o may be called the lack of efficiency. The efficiency 
of a counter will be found smaller than unity for two reasons. A 
particle may i)ass through a counter without giving rise to any ions. 
This may happen either because the path of the particle tlirough the 
counter is shorter than the mean free path for an ionizing collision or 
because of fluctuations. The efficiency determined by this process in¬ 
creases with the pressure inside the counter (Cosyns, 1934). Danforth 
and Eamsey (1936) measured the efficiency of a counter as a function 
of the pressure and used the results to determine the density of primary 
ions along the path of cosmic-ray particles. More refined experiments 
of this type were carried out by Cosyns (1937, 42). 

(ii) Particles passing through a counter during the dead time follow¬ 
ing a discharge will cause no new discharge, while particles passing 
through the counter during the recovery time will give rise to pulses 
smaller than usual. A counter is therefore inefficient for a time t after 
each discharge given by 

where a has a value hetween 0 and 1 depending on the minimum size 
of pulse required to set off the recorder. The efficiency determined by 
the above process is found to be 

So = 

where r is the rate of discharges registered. For r ~ 5 per sec. and 
t = 2. 10“^ sec. one finds /q = 99*9 per cent. This is of the same order 
as the values observed by various observers for fast counters. 
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(iii) Por a slow counter some inefficiency arises due to the fact that 
for some time after each discharge the counter voltage owing to the 
external resistance is reduced to a value below starting potential. 

The recovery time of a slow counter is of the order of ijg sec. The 
lack of efficiency of slow counters is therefore much greater. 

(iv) It was shown hy Rose and Ramsey (1941) that in counters con¬ 
taining some electro-negative gas molecules all electrons liberated by 
the primary passing through the counter may be captured and the 
discharge may be delayed or even prevented. 

The most serious source of inefficiency is the dead time of the counter 
after discharge. To shorten the dead time of a counter Simpson (1945) 
and also Hodson (1948) apply a strong negative pulse on the counter 
wire after discharge and, before it has time to disperse, the positive ion 
cloud is absorbed through the counter wire. It is found that the dead 
time of a counter can be shortened in this way. 

2, The Recording of Counter Discharges 
(a) Single Pulses 

Slow counting rates 

89. A simple recorder for counter discharges is shown in Fig. 9 (c&) 
and (6). 



Fig. 9. Recording of counter discharges. 

In the circuit of Fig. 9 (a) the negative pulse arising on the anode of 
the counter is fed to the input of a triode or pentode. The reversed and 
amplided pulse is fed from the input valve to the grid of a gas-filled 
relay which controls the mechanical recorder. The mechanical recorder 
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may be of the type used by the G.P.O. to record telephone calls or the 
high-speed ^Cenco’ counter (compare Neher (1939)). 

The discharge in the gas-filled relay initiated by the counter discharge 
can be cut off by a switch in the anode circuit of the relay operated by 
the mechanical recorder. Difficulties arise sometimes due to the electric 
disturbance caused by this switch. Circuits for the electric quenching 
of the discharge of the relay have been given, e.g. by Pickering (1938). 

Instead of reversing the counter pulses by an extra stage the gas- 
filled relay can be operated directly from the counter as shown in 
Pig. 9 (b), where the pulse is taken from the cathode instead of the 
anode (e.g. Curren and Petrzilka (1939)). The circuit shown in Fig. 9 (a) 
is usually preferred. If the counter is used at some distance from the 
amplifier a cathode follower stage (see App. IV) may be inserted. 


Counting of fast rates 


90. A loss of counts is incurred because the mechanical recorder is 
unable to record a pulse while resetting. The resetting time t = 1/Af, 
where M is the maximum counting rate of the counter. Recording 
random input x^ulses, the relation between the recorded rate r and the 
true rate Xq is 


xM 

if-r* 


( 4 ) 


If r if, that is, if the correction is small, eq. (4) can be used safely; 
tlie correction becomes uncertain when r approaches M. One can some¬ 
times avoid large correction by using high-syoeed recorders. For a Gr.P.O. 
counter M 25 per sec. The Cenco counter can be adjusted so as to 
give M ~ 1,000 ])er sec. 

Alternatiyely the output rate can be reduced in a constant ratio by using 
an electric scaling device. The sim^dest scaling device uses a condenser 
which stores a constant amount of charge for each input pulse. A gas 
discharge tube is connected across the condenser, and after a certain 
number of ];)ulses the discharge tube strikes and discharges the con¬ 
denser. A large scaling ratio can be obtained in this way but this type 
of circuit has not been found to be very stable. 

Some authors make use of an integrating circuit which allows the 
average counting rate at any instant to be read. A circuit used by Cosyns 
and de Bruyn (1934) is shown in Fig. 10. The amplifier operates a delicate 
relay A, For each pulse the relay charges a small condenser 0^. The 
condenser is discharged into the larger condenser which is bridged 
by a resistance R. The voltage across the resistance B adjusts itself to 
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such, a value that the current through R becomes equal to the average 
rate of charge supplied from to Cg. Thus the voltage across i2 is a 
direct measure of the counting rate. This voltage can be measured with 
an electrometer. 

Similar circuits are described by other authors. 



Electrometer 


Fig. 10. Integrating circuit (Cosjms and de Bruyn). 



Eio. 11. Wynn-Williams scalo-of-two. 

91.* A reliable scaling circuit has been devised by Wynn-Williams 
(1931). This circuit consists of a number of similar scale-of-two units 
in series, thus giving a scaling ratio of 2^ when n units are used. The 
Wynn-Williams unit consists of two gas-filled relays in parallel as shown 
in Fig. 11. The two gas-filled relays are symmetrically arranged and 
usually one of them is discharging while the other is in the non-conduct¬ 
ing state. Assume relay A (Fig. 11) has been struck. A positive input 
pulse applied to the grids of the two relays will strike a discharge in B 
but will not affect the discharge in A. The resulting sudden drop of 
potential on the anode of B is fed to the anode of A through the con¬ 
denser C, quenching the discharge of A . Thus a positive input pulse 
causes the discharge to ' j ump ’ from the one relay to the other. Negative 
input pulses have no efifect, as a discharging relay cannot be controlled 
by the grid. The output of the scale-of-two is taken from the plate of 
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one of the relays, say J?. Positive input pulses give rise alternately 
to positive and negative output pulses. The output is fed either to 
another scale-of-two unit or to the grid of a gas-filled relay. In both 
cases only the positive output pulses and therefore only alternate input 
pulses will be effective. 

The Wynn-Williams circuit has been improved by W. B. Lewis (1934). 
92.’’* Scaling circuits have also been devised using hard valves only 
(see ISTeher (1939) for a summary). As an example we describe an 



Tig. 12. Scale-of-two (Friscli). 

unpublished circuit due to Frisch. The circuit diagram is shown in 
Fig. 12. It consists of two pentodes. The screen-grid of the pentode 1 
is connected to the plate of the pentode 2 and the plate of the pentode 1 
is connected to the screen-grid of the pentode 2. As the circuit is 
symmetrical with respect to the two pentodes a state is possible in 
which both pentodes carry equal anode and screen currents. For a 
suitable choice of circuit components, however, this state is unstable, 
and the stable states are those in which the one pentode carries con¬ 
siderably larger current than the other. The input pulses are applied 
simultaneously to the supj)ressor grids of the two pentodes. Positive 
input pulses will increase for their duration the difference between the 
anode currents of the pentodes without producing a lasting effect. 
A negative pulse on the other hand will cut off both anode currents, and 
after the passing of the negative pulse the excess of anode current will 
have to establish itself in one of the two pentodes. If the state of the 
circuit were perfectly symmetrical after the currents have been cut off, 
the excess current could establish itself at random in one of the pentodes. 
An asymmetry, however, is introduced by the 'memory circuit’ consist¬ 
ing of the condenser C and the resistances Ri, discharge of 

the condenser 0 through JR^ gives rise to a negative bias to the pentode 
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which previously carried the excess current. Because of this bias the 
excess current builds up in the other pentode. Thus the excess current 
is switched over from one pentode to the other by negative input pulses. 
Alternative positive and negative output pulses are obtained from one 
of thfe plates. 


(6) Coincidence. Counting 

The Rossi circuit 

93. Simultaneous discharges of a number of counters are called 
coincidences. A coincidence between n counters can be caused either 



Pro. 13. Tho Rossi circuit. 


by one particle passing through the counters or by a number of simul¬ 
taneous particles discharging the counters individually. 

Coincidences are usually recorded by a circuit due to Rossi (1930) 
(Tig. 13). Each counter is connected to the grid of a pentode. The 
plates of the pentodes are connected together, and they are fed through 
the common load resistance JR. The value of the resistance JR is large 
compared with the impedance of the pentodes; values between 0-2 and 
1 M£i are usual. Most of the voltage drop takes place across It and the 
plates are kept at a voltage amounting to a small fraction of the applied 
voltage <I). The total current does not change much if the anode currents 
in some of the pentodes are cut off by negative pulses applied to the 
grids as long as at least one pentode remains conducting. The voltage 
at the point B where all the anode leads meet will therefore not change 
appreciably when some of the pentodes receive negative pulses. If, 
however, all the pentodes receive negative pulses simultaneously, the 
anode current will he cut off completely, and a large voltage pulse at 
the point B results. A gas-filled relay coupled to the point B can be 
made to respond to the large coincidence pulses but not to the smaller 
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pulses due to discharges not involving all the counters. As the difference 
in size between the two types of pulse is large it is easy to discriminate 
between them. 


Resolving time 

94. Any arrangement recording coincidences is bound to record both 
genuine and also accidental coincidences, i.e. coincidences caused by 



Eio. 14. Grid voltago and anodo oiirront variation oausod by ooiintor discharge. 


independent particles arriving at too short an interval to be resolved 
by the arrangeinent. The resolving time of the Rossi circuit depends 
on the values of the components and is estimated as follows. 

The voltage pulse on the grid of one of the pentodes is shown schemati¬ 
cally in Fig. 14. Tlie voltage drops rapidly to some negative value -—3) 
and rises again exponentially to the original value. The anode current 
of tlie pentode is cut off rather suddenly wlieii the grid approaches the 
value —d>o. The change of anode current with time is also shown in 
Fig. 14. The anode current pulse is nearly square. One finds easily that 
the width of tlie anodo pulse is approximately 


log(0/®o) 
OR ’ 


(5) 


where R is the resistance of grid to earth, C is the sum of the capacities 
of counter wire and grid. With (7 = 2.10'^ /xF, J? ~ 0*1 MQ, r is found 
to be of the order of a few micro-seconds. Shorter resolving times cannot 
be obtained with the ordinary Rossi circuit because of the finite break- 
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down time of the counter voltage which is itself of the order of a micro¬ 
second. Resolving times down to one micro-second can, however, be 
obtained by inserting one or more amplifying stages between the counter 
and the input of the Rossi circuit. The amplifying stages are used to 
* sharpen’ the pulse obtained from the counter (compare e.g. Maze, 1941). 

A coincidence circuit with a resolving time better than 10“^ sec. has 
been described by Bradt and Scherrer (1943). The disadvantage of too 
high resolving power circuits is that they lead to loss of genuine coinci¬ 
dences. The time of travel of electrons through the counter is not much 
less than 10“'^ sec. and therefore random delays of this order are to be 
expected betwen the passage of the particle and the onset of the dis¬ 
charge, hence genuine coincidences are sometimes separated so much 
that they are not recorded by a high resolving amplifier. 

Rossi and Nereson (1942) find delays up to a fraction of a micro¬ 
second in ordinary alcohol argon counters. According to Bradt and 
Scherrer (1943) half of the pulses are delayed up to 3.10“® sec. 

Accidental coincidences 

95. Consider n counters, the rates of pulses registered by the counters 
being An accidental n-fold coincidence takes place when 

each of the counters registers a pulse inside an interval r, where r is the 
resolving time of the recorder. The rate of accidental coincidences due 
to n-fold overlappings can be shown to be 

of higher order in t. (6) 

Compare e.g. Eckart and Shonka (1938); for terms of higher order 
Schrodinger (19446) and Janossy (1944 a).f Under practical conditions 
Nr <^1 and therefore the terms of higher order are usually negligible. 

In particular forn = 2 one finds 

Aa = 2Nj^N^r+.„ = (7) 

When evaluating the rate of accidental coincidences in an ?i-fold 
arrangement, n 2, one finds that this rate consists of a number of 
terms. Accidental coincidences will arise when a genuine {n —l)-fold 
coincidence overlaps with a single pulse in the nth counter. The rate 
of such coincidences is given by 

of higher order, 

t The exact expression is 

(1 _ e-A’i T) (1e-Na T)... (1 _ e-iSTn T). 


d _ /v 

^ “ [Z, l-e-^ir 
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where is the rat© of genuine (n— l)-fold coincidences which are not 
accompanied by the discharge of the ith counter. Accidental coinci¬ 
dences arise further jfrom the overlap of genuine (ti— 2)-fold coincidences 
with two single pulses and so on. The contributions thus obtained are 
of the order of and so on. It is useless, however, to add the 

various contributions unless the ‘terms of higher order’ (eq. (6)) are 
included in ©very contribution. 

In many practical cases it is sufficient to neglect all but the term in t. 

Determination of the resolving time 

96. The simplest method of determining the resolving time r of an 
arrangement is to record coincidences of two distant counters. If the 
distance is sufficiently large, the rate of genuine coincidences can be 
assumed to be small and most of the coincidences recorded can be taken 
to be accidental. From the observed rate of accidental coincidences r 
can be determined by means of (7). This method is, however, reliable 
only if the resolving time of the arrangement is long, that is, of the order 
of 100 /jisec. or more. For shorter resolving times the accidental rate 
may be of the same order as the rate of coincidences due to extensive 
air showers even for distances between the counters of the order of a 
few metres. 

A short resolving time can be determined, however, by exposing one 
or both of the separated counters to a radioactive source. By comparing 
the increase of coincidences accompanying the increased single rates the 
resolving time of the arrangement can be determined. 

The resolving time of an arrangement can also be determined directly 
either by applying artificial pulses with known time interval to the 
inputs (compare Getting (1937)), or by counting genuine coincidences 
and delaying electrically the input pulses to one input. The time of 
delay sufficient to decrease the coincidence rate noticeably is equal to r. 

Modifications of the Rossi circuit 

97. For a large number of experiments it is useful to modify the Rossi 
circuit. Take as an example the recording of showers by means of n 
counters placed in a horizontal plane. Coincidences between some of 
these counters will be caused by particles moving in a nearly horizontal 
direction and by showers of particles. Showers are expected to discharge 
some of the counters, and the set can be made very sensitive to showers 
if it is arranged that coincidences between any two counters are recorded. 

A very simple circuit can be employed for the recording of any twofold 
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coincidence between three counters. The diagram is shown in Tig, 15. 
Each of the three counters is connected to two out of three pentodes so 
that there is one pentode corresponding to each counter to which it is 
not connected. It is seen easily that discharges of any two of the 
counters affect all three pentodes. Thus if the pentodes are used with 



Fig. 15. Coimting of twofold coincidences between three counters. 


a common load in an ordinary Rossi circuit then large output pulses 
are obtained whenever at least two counters discharge. 

The above method can be used with advantage in many other cases. 
Before designing more complicated amplifiers to select coincidences of 
a specified type one should find out whether the selection can be ob¬ 
tained more simply by cross connexions as described above. 

Anticoincidences 

98. It is often desirable to ascertain whether some counters of a given 
arrangement are not discharged while the others take part in a coinci¬ 
dence. Coincidences of this type are usually called anticoincidences. 
An anticoincidence 1, 2, —A for instance means a coincidence between 
the counters 1 and 2 which is not accompanied by the discharge of the 
counter A. 

The following method is often suggested for the recording of anti- 
coincidences (compare e.g. Strong, I/dboTatory Technique), The negative 
counter pulses are fed to pentodes in the usual way, but the impulse of 
the anticoincidence counter is reversed and the anode current of the 
pentode corresponding to the anticoincidence counter is cut off by 
negative bias (Tig. 16). Usually therefore the pentodes in the coinci¬ 
dence stages carry current while that of the anticoincidence stage does 
not carry current. 
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A large voltage pulse at the junction of the plates is obtained therefore 
when all the coincidence pentodes receive negative pulses, as in this case 
the anode current is cut off completely for the duration of the pulse. 
If, however, the coincidence is accompanied by the discharge of the anti- 
coincidence stage, then the anticoincidence pentode becomes conducting 



Fia. 16. Anticoincidence amplifier. 

for the duration of the pulse, and the current through the anticoincidence 
pentode suppresses the voltage pulse and no coincidence is registered. 

This circuit cannot be recommended, however, if a very strict selection 
of anticoincidences is required. 

99. No anticoincidence circuit can discriminate absolutely between 
coincidences and anticoincidences. It is, however, possible to make the 
discrimination safe in one direction: i.e. a discriminator can be made 
so as to reject all coincidences, but it cannot be avoided that such a 
discriminator would also reject occasionally some anticoincidences. 
The opposite extreme would be a discriminator which passes all anti- 
coincidences but occasionally passes also some coincidences. 

The intermediate type would be a discriminator which is subject to 
both kinds of errors: occasional passing of coincidences and occasional 
rejecting of anticoincidences, the two errors compensating each other 
on average. 

Which of the three types of discriminators is preferable has to be 
decided with a view to the experimental requirements. For many applica - 
tions, especially for the investigation of non-ionizing radiation, the first 
type of requirement is needed. In such experiments (see §§ 288, 296) a 
few anticoincidences may be missed, but it is of importance that no 
coincidences should be recorded for anticoincidences. 
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100 .* A circuit wMch. is safe in rejecting all coincidences was designed 
"by Rossi and co-workers (1940). The circuit is shown in Fig. 17. Its 
function is briefly as follows. 

The coincidence pulses are fed to the grid of a gas-filled relay while 
the anticoincidence pnlses are fed to the grid of a second gas-filled relay 



Fia. 17. AntLCoincidence amplifier. 


3^2- The pulses initiate arcs in the gas-filled relays; by a suitable RG 
circuit these arcs are quenched and the relays reset after about 100 /tsec. 
The coincidence pulse is delayed and shortened by a pentode and fed 
to a second pentode The anticoincidence pulse is fed directly to a 
pentode The pentodes and operate in a way similar to the 
pentodes P and Pj, in Tig, 16. Thus the pentode is biased so as to 
carry no current in the passive state while F^ carries full current in the 
passive state. 

An anticoincidence cuts off the current in F^ and does not affect 
thus such a pulse gives rise to a large rise of potential in the output, 
and thus sets off the recording relay. 

A coincidence which is not an anticoincidence operates both pentodes 
Fi and Tg. But owing to the shaping of the coincidence pulse in the stag© 

the current in F^ is cut off afier the current in has come on, and 
the current in FJl starts again before the pentode 1^ has gone back to 
its passive state. Thus the action of the two pentodes overlap and no 
coincidence is recorded even should the anticoincidence counter dis¬ 
charge be slightly delayed due to some accidental process as discussed 
in § 88. 
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We note that the slow recov'eiy of the relays and far from being 
a disadvantage, is in fact an essential feature of the circuit. 

During the recovery time of the amplifier is effectively blocked. 
This time, however, coincides with the dead time of at least one of the 
anticoincidence counters. But during the dead time of any of the anti- 
coincidence counters the anticoincidence system is not fully effective 



relay 

relay 


and thus safe discrimination is not possible during such a period. Thus 
the relay Ig blocks the amplifier during such j)eriods in which safe 
discrimination between coincidences and anticoincidences is impossible. 

During the recovery time of lissome genuine anticoincidences are also 
suppressed. This loss of anticoincidences cannot be avoided if it is 
essential to have strict discrimination. 

101 .* If no extreme discrimination is needed simple meth ods can be 
used. For instance, anticoincidences 1, 2, ~A can be recorded as follows. 

We record simultaneously coincidences 1,2 and coincidences 1, 2,4. 
The difference between the counts obtained is equal to the number of 
anticoincidences. It is, however, important that the two types of co¬ 
incidences are observed simultaneously. 

These coincidences can be recorded by different methods, but we shall 
describe two of them—Fig. 18 (a) and [b). 

Two pentodes (Fig. 18 (a)) are controlled by each of the coincidence 
counters 1, 2, while a fifth pentode is controlled by the anticoincidence 
counter A. Two pentodes, one from each coincidence counter, are con¬ 
nected in one Rossi circuit while the remaining three pentodes are 
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connected in an independent Eossi circuit. Whenever the twofold 
circuit responds without the threefold we have an anticoincidence. 

The second method is as follows: 

Each counter is connected to a separate pentode (Fig. 18(6)). The 
coincidence pentodes are fed through a common load resistance while 
the anticoincidence pentode is fed through the same resistance but also 



through an additional resistance iJg. Pulses at the junction of the anode 
leads caused by counter discharges are of different sizes. 

1. In case of a coincidence between all of the three counters the 
currents in all pentodes are cut off and a very large pulse results. 

2. In case of a coincidence 1,2 not accompanied by A the coincidence 
pentodes are cut off; the size of the resulting pulse is, however, 
reduced due to the current flowing through the resistance R^ and 
the last pentode. 

3. In case of coincidences not involving all the coincidence pentodes 
only very small pulses are obtained due to the current flowing 
through the unaffected coincidence pentode. 

The pulses are fed to the grids of two gas-filled relays, and by means 
of suitable bias these relays discriminate between the very large pulses 
corresponding to coincidences 1,2,^ and the large pulses corresponding 
to coincidences 1,2, without A. 

Self-recording counters 

102.* It is often useful, particularly for recording showers, to have 
the following arrangement. A number of counters 8 each control a 
neon lamp. Whenever a set of master counters records a coincidence 
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the neon lamps record which of the counters S has been discharged 
simultaneously with the coincidence. 

Circuits serving this purpose have been given by Johnson and 
Stevenson (1933), Janossy and Ingleby (1942). A large set containing 
over a hundred neon lamps has been constructed by V. H. Regener 
(1943). 

Regener’sf circuit is shown in Fig. 19. It works as follows. Neon 
bulbs Sg--- controlled by the counters 81 , 8 ^,,. in the following way. 



The neon lamps s are usually on. A master pulse extinguishes for a short 
time all the bulbs s except those which correspond to counters 8 taking 
part in the coincidence. 

The bulbs s are covered by a shutter. The shutter opens shortly after 
each master pulse ilf, and while the shutter is open all the neon lamps 
which have not been extinguished by the master pulse are recorded 
photographically. 

The grids and hexode are earthed through the resistances 

and E.,; the neon bulb is inserted into the anode circuit and the bulb 
is on in the quiescent state. Tlie neon lamp is by-passed by a 0*05 Mfl 
resistance. For each master pulse a positive pulse is applied to the grid 

The positive x)ulse draws grid current and after the pulse a negative 
charge is left on the grid pg. This charge leaks away slowly through, the 
large resistance jRg and the anode current is blocked for a considerable 
time after the master pulse. The bulb is extinguished for the x^^i’iod 
where the anode current is cut off. 

The counter 8 is coupled directly to the grid The negative pulses 

*{■ I am indebted to Dr. V. Regener for coininunicating the details of his circuit. 
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coming from the counter S cut off the anode current for short periods: 
these periods are too short to affect the neon lamps noticeably. If, how¬ 
ever, the master pulse comes simultaneously with the pulse of the 
coimter S, then the master pulse cannot draw grid current as the current 
is cut off by the first grid and therefore the anode current comes on 
again after the passing of the pulses. The bulb s will therefore be lit 
while the shutter opens provided the hexode has received simultaneous 
pulses M and JS, 

The above circuit may appear at first sight to be unnecessarily compli¬ 
cated. It might seem simpler to have the neon lamps extinct in the 
quiescent state and flashing only while recording. It is found, however, 
that neon lamps which have not been flashed for a long time do not 
strike readily; Eegener’s method is of great advantage as the neon 
lamps are kept on all the time. 

Additional circuits are described in App. IV. 

Delayed coincidences 

103. Tor the direct measurement of the mean life of the meson it is 
necessary to record the time interval between a coincidence caused by 
an incident meson and the subsequent emission of the decay electron. 
Circuits of this type have been described by Maze (1941), Rasetti (1941), 
Auger, Maze, and Chaminade (1942), and by Rossi and Nereson (1942), 


C. The Cloud Chamber-I* 

104. The cloud chamber was invented by C. T. R. Wilson (1911) in 
the course of experiments on the formation of artificial clouds. It is now 
a research tool with a scope far greater than its application to cosmic-ray 
phenomena. 


1. Technique of the Cloud Chamber 
(a) The Operation of the Cloud Chamber 
Expansion ratio 

105. Wilson studied cloud formation initiated by adiabatic expansion 
in a vessel. A cloud can be formed when a volume of gas, saturated 
with water vapour, is expanded adiabatically. The adiabatic expansion 
causes the gas to cool and to become supersaturated; in the presence 
of condensation nuclei droplets may be formed round these nuclei. 

An important characteristic of the expansion is the expansion ratio^ 
that is the ratio of the volume before and after the expansion. 

t Section C is largely due to Dr. J. G-. Wilson. 
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At small expansion ratios condensation takes place round dust par¬ 
ticles. This kind of cloud formation is usuaUy undesirable and it can 
be got rid of by expanding the gas several times in succession. The 
droplets forming round the dust particles contained in the gas fall in 
form of a fine rain to the bottom of the chamber carr37ing the dust 
particles away. 

106. Once the dust particles have been removed no condensation of 
water vapour takes place unless the expansion ratio exceeds 1*25. For 
expansion ratios exceeding 1-25 condensation takes place on negative 
ions. Condensation of water on positive ions starts for ratios exceeding 
1*31. At a very slightly greater expansion ratio other nuclei of condensa¬ 
tion become effective in numbers which increase rapidly as the expansion 
ratio is increased. 

For the investigation of tracks of fast particles one utilizes the ions 
which are formed along the path of the particle. In order to obtain 
satisfactory cloud tracks one has to adjust conditions so as to obtain 
drops on all ions produced by the fast particles accompanied by as 
small a number of background drops as practicable. 

Background 

107. Background condensation is caused by a number of processes. 
An important source of background is the formation of droplets at 
expansion ratios exceeding that necessary for the condensation of posi¬ 
tive ions. This last form of condensation takes place on uncharged 
molecules or small molecular aggregates, and the expansion ratio of 
onset is extremely sensitive to the contamination of the chamber by 
molecules or aggregates, upon which condensation takes place more 
readily than in an uncontaminated chamber. Since the difference of 
expansion ratio between that appropriate to ion condensation and that 
for the background condensation is small, scrupulous care is required 
in practice to avoid the introduction into the chamber of materials with 
a tendency to increase background. Aluminium is usually considered to be 
an unsatisfactory material from this point of view, and its use in contact 
with the interior parts of the chamber is as a rule avoided; knowledge 
of contamination background is, however, still largely empirical. 

108. After a normal expansion into the region of ion condensation 
it is found that a certain number of nuclei persist in the chamber for a 
considerable time. They are probably formed by the incomplete evapo¬ 
ration of some of the droplets to small equilibrium size. For these nuclei 
condensation takes place with an ease comparable to that for small dust 
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particles. A succession of track expansions will quickly lead to an un¬ 
acceptable concentration of this additional background condensation 
and it is therefore necessary to remove these nuclei after using expan¬ 
sions into the ion condensation region. 

This can be done by means of normal expansions to an expansion 
ratio less than the ion limit. 

Mechanically it is more convenient to remove the nuclei formed after 
a normal expansion by a smoothed slow expansion to the full expansion 
ratio. In such a slow expansion the normal gas heating from the chamber 
wall does not permit the full supersaturation to be reached: the effect 
of the slow expansion is therefore equivalent to a fast expansion to a 
lower expansion ratio. 



Piston 

Fig. 20. Scheme of cloud chamber. 


(6) Construction of Chambers 
{Compare BlacMt (1927), Auger (1926)) 

109. TKe bdiSic featuxcs of a cloud cbaiuber for the photograpliy of 
tracks is illustrated in Mg. 20. The chamber has a transparent window 
of good optical quality facing the camera. The cylindrical wall is also 
transparent, the illumination entering through this wall. The expansion 
is made by moving the piston mechanically through a determined 
distance. 

Since the expansion ratio of the chamber requires frequent adjust¬ 
ment, it is necessary to furnish means to adjust continuously the stroke 
of the piston. 

As a rule the piston is made to move between stops, of which one set 
is adjustable from outside the chamber. 

110. The chamber is operated either at the will of the observer or by a 
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trigger system such as the counter control (see § 123). In either case 
the photograph of tracks is taken a fraction of a second after the 
expansion has been made. This may he done with a normal photographic 
shutter, but it is frequently profitable to place the apparatus lamp in a 
passive state chamber and camera in a dark enclosure and flash the light 
source in order to take the photograph. So much light is needed that 
the heating effect of a continuously running lamp would give rise to an 
appreciable disturbance of the chamber. 

111. An electrostatic field within the chamber sweeps ions out of the 
gaseous volume very shortly after their formation. The ions formed 
within a small fraction of a second before expansion, or during the 
period after the expansion for which sufficient supersaturation persists, 
stand out conspicuously, and give droplets very close to their points of 
formation. The track of a fast ionizing particle therefore appears as a 
line of droplets, the number of drops corresponding to the number of 
ions formed. 

Limits of expansion ratio 

112. The expansion ratio for a particular condensation phenomenon 
(for example that for condensation on ions of a given sign) is defined 
as the ratio of volume of chamber after the expansion to volume of the 
chamber before the expansion, the expansion being assumed to be 
sufficiently rapid to make conditions adiabatic. 

Practical interest is confined to the ion condensation hmits of various 
vapours for which ion condensation takes place at an appreciably lower 
ratio than the background condensation (Przibram (1906), Laby (1908)). 
There is a different limiting ratio for condensation on negative and posi¬ 
tive ions; water appears to be unique in condensing preferably on 
negative ions. 

113. The numerical value of the expansion ratio is a function of gas 
and vapour. As regards the gas, the expansion ratio is determined to 
give a certain drop of temperature, cZ0; hence for adiabatic change 

d&/& = (y-i)d^/^. 

Monatomic gases (y = |) therefore require smaller expansion ratios than 
diatomic gases (y = ^), and usually argon is used when the distortion 
attending expansion is to be reduced to a minimum. 

Since the condensing vapour is as a rule polyatomic, and is present 
to a constant vapour pressure, the expansion ratio is a function of the 
total pressure; in very high pressure chambers (Johnson, Benedetti, and 
Shutt (1943)) the effective y is almost that of the permanent gas and the 
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expansion ratio correspondingly low, while at low pressures y is reduced 
towards that of the vapour and a higher expansion ratio is required. 

Vapours requiring a smaller expansion ratio than pure water are 
known, and in particular ethyl and propyl alcohols and their aqueous 
mixtures have been studied. In these mixtures the expansion ratio for 
ion condensation varies continuously with composition, and there is a 
mixture of minimum expansion ratio (Flood (1934)). 

114 . Combinations of gas and vapour with low expansion ratios are 
of practical importance when precision measurements are to be made on 
tracks of particles which traverse the chamber before expansion. The 
distortion of such a track at expansion is ideally a simple strain in one 
dimension, but this clearly fails to describe the motion in the neighbour¬ 
hood of the chamber walls and of absorbing plates within the chamber. 
Deviations from the simple motion are reduced to a minimum by re¬ 
ducing the whole of the motion as far as possible. The monatomic 
gases with water alcohol mixtures are generally preferred for use in 
coimter-controUed expansion chambers. 

Spreading of the negative ions due to slow transition from free elec¬ 
trons to heavy negative ions has been reported when a pure monatomic 
gas was used. A small proportion of oxygen is frequently added there¬ 
fore to minimize such spreading. 

Sensitive time 

115 . When a cloud chamber is expanded to a degree slightly greater 
than the minimum required to permit condensation on ions, the sensi¬ 
tive time of the chamber is the interval between the time when minimum 
supersaturation is first attained and that at which it is last present as 
the whole of the gas of the chamber heats up. 

A considerable sensitive time is of value in some cosmic-ray applica¬ 
tions, but it must be emphasized that the sensitive time is not the 
distortion-free time, and applications involving precise measurements 
require the selection of tracks over an extremely short range of time. 

116 . In the absence of heavy condensation, and assuming the initial 
supersaturation to be attained instantly, Williams (1939 a) showed that 
after expansion the gas near the chamber wall is heated by conduction 
and that the gas remote from the walls is then compressed adiabatically. 
This central mass of gas therefore all becomes insensitive for track 
formation at the same time. Williams gives the expression 


( 8 ) 
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for the sensitive time t, where is the volume and the total surface 
area of the chamber, k is the thermal conductivity* of the gas, s is the 
specific heat, r is the expansion ratio, and r—Sr the smallest ratio for 
ion condensation. This relation applies only in a chamber sufficiently 
large to have a region for which conductive heating is inappreciable in 
the time t. The sensitive time is further limited by condensation, which 
simultaneously leads to depletion of vapour in the body of the chamber 
and the release of heat of condensation. 

The sensitive time may be artificially extended by the method 
described by Beardon (1935) in which the fall of supersaturation is 
counteracted by a continued slow expansion. 

Resolving time 

117 . The interpretation of observations either with counter systems 
or with the cloud chamber must frequently be based on the assumption 
that particles are contemporary and are thus associated in origin. The 
resolving time, the minimum interval between events for which the 
existence in difference of time can be established, is therefore an impor¬ 
tant constant either of counter arrays or of cloud-chamber arrangement. 

The cloud chamber is very much inferior to counter systems in its 
ability to distinguish events of small separation in time. In any photo¬ 
graph sharp tracks are formed on the trajectories of all particles entering 
the chamber between establishment of critical supersaturation and 
either the time of photography or the end of sufficient supersaturation, 
whichever is the earlier. Particles entering during this period cannot 
therefore be distinguished as to their time of entry. 

118 . Operating a chamber by counter control (see § 123), the trigger¬ 
ing particles enter the chamber before the expansion, and the extent of 
the ion diffusion before expansion provides a measure of the age of 
individual tracks. 

Blackett (1934) has shown that X, the 90 per cent, breadth of the 
track image (i.e. the breadth containing 90 per cent, of the drop images), 

is giveR by ^ _ 4-68V(S«), (9) 

where ^ is the diffusion coefficient of the ions and t is the time from 
the passage of the particle to drop formation. 

Only particles with a track breadth X corresponding to the time t can 
be regarded as simultaneous with the particles which have triggered 
the control system. Therefore in a counter-controlled photograph only 
the tracks with the breadth X as given by (9) can be regarded as 
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contemporary. If the photographic technique does not enable us to 
distinguish tracks of breadth X' from those of the breadth X, with 

fX<X'<Xlf (/<1), (10) 

then, the tracks formed during an interval 

T = ( 11 ) 

appear to be of the same breadth. 

Under good conditions, / may be as great as 0-7, and in a chamber 
designed for rapid controlled operation t may be less than 0*01 sec., 
then T will be of the order of 0*01 sec.; no great improvement on this 
figure seems likely. 

In a slow chamber of the porous diaphragm type and with less 
critical technique, T may very easily become as great as 0*03 sec. 

Illumination 

119 . The drops formed in an expansion are effectively fixed against 
further diffusion in times of the order 10"^ sec. and subsequently grow 
with a constant rate of increase of geometrical area, and so of scattered 
illumination. A typical value of the rate of growth is da^jdt — 5.10“® 
cm.2/sec. (nitrogen). 

The practical delay before drops reach a size at which they may be 
photographed varies with the intensity of illumination, depth of focus, 
magnification, etc., but is usually somewhat greater than the time of 
expansion. It thus plays a dominant role in the degree of distortion 
developing before photography, and particular attention is necessary 
to ensure that it is of the shortest possible duration. 

120 . Webb (1935) has shown experimentally that drops scatter only 
a very small amount of light at right angles. Unfortunately, for practical 
reasons one has to use for the photography of tracks light which is 
scattered nearly at right angles to the illuminating beam (see Fig. 20). 
Very strong sources of illumination are therefore required. It is there¬ 
fore necessary to control the light beam very accurately so as to prevent 
those parts of the structure of the chamber to be illuminated which are 
in the view of the camera. 

Light sources which have been used with success include the con¬ 
denser discharge through mercury vapour at atmospheric pressure 
(C- T. R. Wilson), transformer discharge through a similar lamp 
(Blackett), flashing of a preheated carbon are (Anderson), and for 
work not demanding rapid illumination, the overload flashing of tung¬ 
sten filament lamps with or without preheating. 

All of these sources are likely to be superseded by the condenser 
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discharge in rare gas mixtures at about atmospheric pressure between 
suitable electrodes. Lamps of this type have been developed recently 
with oustanding success and they appear to be exceptionally promising 
sources for chamber illumination (Hazen). 

(c) The Design of Cosmic-ray Chambers 
Constant pressure change and constant volume change 

121- All chambers which are used in cosmic-ray research are based 
either on the constant volume-change apparatus of C. T. R. Wilson 
(1911) or on the constant pressure-change 
apparatus also due to Wilson (1933). 

The latter does not seem to offer any signi¬ 
ficant advantage and is for many purposes 
inferior to the constant volume-change appa¬ 
ratus. The disadvantages of the constant 
pressure-change apparatus are that it is diffi- Fio. 21. Coastant pressure- 
cult to make provision for an expansion ratio ^^WUson^ 

to remain constant without further attention 

for a long period of time. Further, the expansion is by nature slow in 
its later stages and therefore it does not lead to most rapid condensation 
on pre-expansion tracks. 

The use of a flow-controlling partition (see Fig. 21), first described in 
the pressure-change chamber, however, has frequently been applied to 
volume-defined chambers. Originally intended to control gas flow, the 
partition of velvet supported on a perforated metal plate has proved 
attractive as a photographic background. 

When the greatest accuracy of gas flow is required, the function of 
this partition as a flow regulator is open to criticism, and for work of 
high precision, where minimum distortion of gas flow is essential, it 1ms 
not been used. 

Requirements of the cosmic-ray chamber 

122. The particular characteristics of the cosmic-ray chamber design 
arise from the following necessities. 

1. The chamber has to be used in a vertical plane and therefore the 
liquid seal used in earlier chambers has to be replaced by some 
other means. 

2. The chamber geometry may have to conform with the geometiy 
of field coils or may have to fit into the gap of an electromagnet. 
The expansion must be produced after the passage of the particle. 
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The first two of these requirements are sufficiently demonstrated hy 
reference to Tigs. 23 and 22: the first shows the design used by Blackett 
and Occhialini (1933) within a large solenoid. The second shows the 
chamber designed by Blackett for use in a large electromagnet, w-here 



Fig. 22. Cloud chamber, adapted for use between the polo pioeoa of an 
electromagnet (Blackett, 1934). 


it is essential to allow the air gap of the magnet to be reduced as far 
as possible. 

2. Counter Control 

123. Blackett and Occhialini (1933) succeeded in triggering a cloud 
chamber by means of a counter telescope covering the chamber. In this 
way particles traversing the chamber could be photographed efficiently. 

The alternative method to counter control is to make expansions at 
random and to minimize the time for resetting and cleaning of the 
chamber. Using random expansions it is difficult to make the chamber 
sensitive to mcoming particles for more than to gigth of the total 
time of operation. 
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Using random expansions the relative efficiency of a chamber can be 
increased by using large volume and long sensitive time. The particular 
advantage of the random expansion is that the chamber shows no bias on 



Scale 

I_I_I 

0 5 10 cm 

•KiO. 23. Jjixyout of (iIou<l-(;hainbor Jiiocluiiiisiii (Blackett). 

the observed sample of particles, while a chamber with counter control 
necessarily introduces a bias connected with the geometry of the counters. 
Large cliambors witli long sensitive time are, however, unsuitable 
when precision measureniciits on the tracks are required. Therefore for 
precision worlc con liter-controlled cliambers are largely used. 

More recently, cl\ambers have been operated by more discriminating 
counter arrays; such systems are described below (e.g. Chap. IX). 

[a) Technique of the Counter Control 
124. The technique of counter control has been fully discussed by 
Blackett (1934). It is shown that a track containing Nq ions per cm. 
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will diffuse in a time t so that the projected distribution of ions will be 
giTen by ^ (12) 

where p{x) is the density of ion images at a distance x from the line of 
formation, and ^ is the diffusion coefficient of the ions. The 90 per cent, 
breadth, Z, of the track is given by 

X = 4-68V(S^). (13) 



Tor air at IT.T.P. for both positive and negative ions ^ is 
0-034 cm.^/sec., and hence 

X = 0-86VL (14) 

This result sets the time scale on which the counter control of cloud 
chamber must be based. If X is to be less than 1 mm., t must be less 
than ^th of a second. 

This rapid operation is as a rule obtained by releasing pressure behind 
a piston held forward by excess air pressure, following the mechanism 
(Fig. 24) developed by Blackett and Occhialini. A mechanism in which 
the piston is held and released directly has been used with success by 
Anderson. 

125. When it is required to count drops along a track image in order 
to determine the density of primary ionization by the fast particle, 
expansion is delayed so that the ions are sufficiently separated by 
diffusion for the resulting drops to be distinguished. The electric 
sweeping field will be maintained during the expansion delay in order 
to separate positive and negative ions into two columns. In water 
vapour, for example, substantially complete condensation on positive 
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ions establishes that complete condensation on negative ions has taken 
place. This technique was applied by Corson and Erode (1938), Sen 
Gupta (1940, 3), and by Hazen (1944 c); a photograph of Hazen’s is shown 
on Plate 1. 

(b) Some Aspects of Counter Control 

126 . Using counter control the number of significant photographs 
can be increased considerably. At the same time, however, some bias 
is necessarily introduced and a set of counter-con¬ 
trolled photographs cannot in general be taken as a 
random sample. The bias is particularly disturbing 
if photographs are taken with the view of deter¬ 
mining statistically some properties of the cosmic-ray 
beam. 

Consider as an example the determination of the 
momentum spectrum. Because of scattering of low- 
energy particles a counter-controlled chamber has 
always a bias towards high-momentum particles. 

It is therefore essential for the determination of the 
low-momentum part of the spectrum to use a random 
chamber which is free of bias. 

For higher-momentum values the bias becomes 
negligible and therefore the higher-momentum regions 
can be measured with a controlled chamber which has a much greater 
efBciency than the random chamber. 

127 . Counter control was used very successfully to obtain photo-, 
graphs of showers. Using, for example, a chamber controlled by the 
three counters of a triangular arrangement we expect a high proportion 
of the photographs to contain showers, as the coincidence arrangement 
responds to showers only. 

128 . It must be pointed out, however, that the absolute rate of 
shower photographs is in general not increased but decreased by a 
selective control. The main advantage of the control is therefore that 
unwanted photographs are not taken. Take as an example the arrange¬ 
ment shown in Fig. 25 which is selective for showers. Connecting the 
two lower counters 2, 3 in parallel instead of having them in coincidence 
we can reduce the bias in favour of showers. Each shower, however, 
which is capable of setting off the arrangement when controlled by the 
more selective triple coincidences is also capable of setting off the 
arrangement when controlled by double coincidences. Besides, there 
are showers which set off only one of the counters 2, 3. Therefore tHe 
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Pio. 25 . Chamber 
controlled by triple- 
coincidence arrange¬ 
ment. 



68 


EXPERIMENTAL TECHNIQUE 


[Chap. II 


absolute rate of shower photographs is, if anything, smaller with the 
triple-coincidence control than with the double-coincidence control. 

Rare phenomena 

129 . The above argument must not be carried too far. There are 
cases where the more rigid control increases the absolute rate of the 
photographs of some rare types. 

Take as an example a search for slow mesons. It will be seen later 
(§ 277) that the rate of slow mesons traversing a chamber of average 
dimensions is less than 1 per hour. The rate of single particles is of the 
order of 2,000 per hour. 

Because of the resetting time of a chamber not more than about 
twenty successful photographs per hour can be taken. Thus working 
the chamber at its maximum speed one cannot take photographs of 
more than 20 particles out of every 2,000. The yield is therefore only 
about 1 per cent, of all particles and if the chamber is controlled by 
single particles one cannot expect to take photograplis of more than 
1 per cent, of the slow particles traversing the chamber. 

Using a bias in favour of slow mesons the rate of photograi)]is of slow 
mesons can thus be increased. In the most favourable case one can 
photograph all slow mesons entering the chamber, in tliis case the 
selective control increases the yield by a factor 100. 

Similar considerations show that by using a suitable control it should 
be possible to increase the yield of photographs showing meson decay. 

Selection has been used with advantage to obtain photographs of 
penetrating showers. 

130 . A suitable counter control can also give information about 
processes seen on photographs which could not be obtained from the 
photograph alone. 

An anticoincidence control, for instance, can reveal that showers seen 
inside the chamber are produced by non-ionizing primaries outside the 
chamber. 

Controlling a chamber by a set of counters spread out over a large 
area one obtains photographs of parts of extensive air showers. Such 
photographs cannot always he recognized as showing parts of extensive 
air showers except for the counter control (compare Cli. IX). 

3. The Cloud Chamber in a Magnetic Field 

131 . Measurements of track curvature when cloud-chamber photo¬ 
graphs are taken in a magnetic field are of the first importance since 
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they can be used to determine the momentum and sign of the particle. 
The technique of curvature measurement on trajectories only slightly 
deviated in the field has up to now been confined to the province of 
cosmic-ray measurements; this method will therefore be treated in 
some detail. 


Curvature measurement 

132. The radius of curvature 5 R of the track of a particle of momen¬ 
tum p MEV./c in a magnetic field of H gauss is given by 


91 = 


(15) 


Hence the maximum deviation, d, of a length I of track from a straight 
line is o 10 - 4 J 772 

d = = I - (16) 


For jy = 10 ^ gauss, Z = 30 cm., and hearing in mind that the width of 
the track is of the order of OT cm., we expect to measure momenta of 
1,000 MEV./r readily, while momenta of 10,000 MEV./c should just be 
recognizable. The method described by Anderson (19336), and very 
widely folIo^v’cd, using a travelling microscope with micrometer eye- 
jnece set at right angles to the main motion, gives a performance of 
about tin’s standard. 

133. The actual measurement of curvature may readily be carried 
out to a much higher precision by a method due to Blackett (1937 a) 
and improved by Fhireiifest.t This is a null method in which the track 
image is rcju’ojociod through an achromatic prism , placed normal to the 
axis of tlic ])i'()jcction lens, on a magnesium-oxide coated screen which 
is viewed at grazing angle. The jndsm introduces a curvature, 91, into 
the image of a straight line wliich is given by 

sjt = aiysini?, 

where & is tlie angle between the line and the principal plane of tlie prism. 
To measure the curvature of the curved track the value of 7 ? is deter¬ 
mined which ])roduces a straight image, straightness being judged by 
visual insx^oction of tlic projected image at a grazing angle. 

The prol)able error of curvature measurement (rcfeiTing to the actual 
ouivature on the photographic plate) with an instrument of this type 
was found by Blackett to be 0-016 m.“h corresponding to a radius of 
curvature on 2-5 cm. of the image of 60 m.! 

This device cannot be used for the measurement of curvatures greater 
than about 0*7ro and hence this high accuracy of measurement is not 


t Unpublished. 
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ayailable for low-momentum particles. The model of greatest range yet 
used (J. G. Wilson, 1939) allowed of measurement up to a curTOture 
of 10 m.“^ on the photographic plate, corresponding with if = 10^ gauss 
and a photographic magnification of 0*1 to a particle momentum 
p = 300 MEV./c. 

Limitation of momentum measurement 

Distortions 

134. Disturbances and distortions render measurements of actual 
momenta very much less accurate than the mere measurement of 
curvature. 

The following are some of the most important sources of error of the 
momentum determination, apart from the error of measurement of 
curvature. 

1. There are a number of factors which tend to displace the track 
before photography. Such effects are: 

(а) Convection currents in motion in the chamber before expansion. 

(б) Turbulent motion and vortices produced at the expansion. 

(c) Convection currents developing after expansion from the tem¬ 
perature difference between the chamber wall and the adiabati- 
cally cooled gas. 

(d) Distortion arising from non-axial movement of the piston. The 
non-axial movement of the piston may be modified by eddy 
currents due to the magnetic field. 

(e) Fall of the droplets relative to the surrounding gas according to 
Stokes’s law. 

All these distortions, except (d), develop after the expansion and 
therefore they can be reduced by speedy photography. 

2. Distortions arise from faults of the photographic technique. We 
have to be careful to avoid the following distortions: 

(а) Distortion by the front plate of the chamber and by the photo¬ 
graphic lenses. 

(б) Distortion due to change of size and shape of the film at develop¬ 
ment. 

3. A serious limitation of the accuracy of momentum measurement 
arises from the scattering of the primary particle in the gas. 

135. Of the features listed in the last section 1 (6) was tentatively 
identified by Blackett with electrical winds from hairs and dust charged 
by motion, this trouble is not always encountered. 

The effect of 1 (a) is particularly marked in cloud chambers containing 
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metal plates, for the plates have little metallic connexion with external 
parts and hence are adjusted to temperature changes of the remainder 
of the apparatus almost entirely by convection. Careful control of 
temperature throughout the chamber and its immediate surroundings 
greatly reduces this source of distortion (Blackett and Wilson, 1937). 

The optical distortion 2 (a) can largely be eliminated by special adjust¬ 
ment of the lens in manufacture. It may also be corrected for in detail 
from a map of corrections based on photographs of straight wires in 
different parts of the chamber (Blackett and Erode, 1936), 

No systematic investigation of 2 (6) seems yet to have been carried 
out, but for high-precision work glass plates have been preferred in 
spite of handling difficulties. 

The distortion due to non-axial movement of the piston, if not due 
to the magnetic field, can be mapped out in a way similar to that used 
for the distortions due to photography, except that the distortions due 
to movement of piston are determined from the images of tracks in zero 
field and not from the images of straight wires. 

The part of the distortion 1 (d) caused by eddy currents in the piston 
cannot be observed directly. The effect of such distortions on change 
of curvature of particles passing through a plate placed in the chamber 
can be investigated (compare J. G. Wilson, 1938). 

Scattering 

136. The spurious curvature arising from Coulomb scattering has 
been treated by Williams (1940a). It is shown that the probable error 
of the measure of the momentum of a fast particle arising from scattering 
can be expressed in terms of the ratio where 91 is the radius of curva¬ 

ture due to deflexion in the magnetic field and 9?^ is the mean curvature 
due to scattering. 9?J91 is given by 

VJ! = 0.20ffi;; 

Z is the track length, q is the potential number of nuclei per c.c. divided 
by Avogadro’s number, and 

a = 3*69+0*28logio^^i>^Mi8^- 

For fast particles in air at N.T.P. and for Z = 10 cm. 

= 40/i?, 

and thus for the normal momentum measurements in high magnetic 
fields this correction is not of importance. For slower mesons, however, 
the effect is of importance. Take as an example the meson measured 
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by Williams and Pickup (1938). We have I = 20 cm., H = 2,300 gauss, 
vjc = 0*4, j = 1, and 5R/SRs = jV 

For the very end of a meson track the scattering is still more impor¬ 
tant. For the last 5 cm. of track we have 

SR/9?^ = 500/i?. 

It must he borne in mind that this is the spurious curvature for mean 
scattering of the particle, and the probability of larger scattering is 
appreciable. A spurious curvature up to three times the average cannot 
be excluded (see App. I). 

The limitations of very high pressure chambers, even in the higher 
magnetic fields, from this cause do not need to be stressed. 

137. Apart from actual distortion of the image, the measured curva¬ 
ture of a track may be influenced by undue weight given to dense groups 
of ions, from ionization hy low-energy secondaries, which may be centred 
appreciably off the line of trajectory. These groups may be ignored in 
either method of curvature measurement provided that the photo¬ 
graphic exposure has been sufficient to record clearly tlie normal single 
drops of primary ionization. This source of error is a direct consequence 
of faulty photographic technique. 

A maximum detectable momentum of 10,000 MEV./c has been ob¬ 
tained by Wilson (1938, 9) using a length of track of about 10 cm.; 
corresponding to a central deflexion of the track from straightness of 
g^th mm. It is unlikely that any significant improvement in precision 
can be made by further attention to detail. It is probable that greater 
precision must now he sought in the use of larger equipment and stronger 
magnetic fields. 

Maximum detectable momentum 

138. When all possible sources of curvature error have been elimi¬ 
nated, the residual random errors of curvature may be expressed either 
directly or in terms of the 'maximum detectable momentum’—that 
momentum which would give curvature equal to the probable curvature 
due to residual random distortion. In a single compartment chamber 
this quantity can be measured only in zero magnetic field. Blackett 
obtained a maximum detectable momentum in this way of 20,000 
MEV./c. 

In a chamber separated into two halves by a metal plate, it is possible 
to make a comparable determination of maximum detectable momen¬ 
tum in the full magnetic field (Wilson, 1938). Values so obtained have 
shown excellent agreement with those measured in zero field. We have 
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stressed the very numerous sources from which distortion of track 
images may arise; in many cases distortion is encountered without 
external indication that error has been introduced. It is important that 
all possible measurements which can serve as cross-checks of internal 
consistency of a set of track photographs should he investigated. 

D. Proportioxal Counters 

139 . Proportional counters are based on a process intermediate 
between those utilized in the ionization chamber and in the GM- 
counter. In the ionization chamber the ions produced by a primary are 
collected and the resulting charge is measured. In the GM-counter the 
primary ions are sufficiently accelerated to initiate a gas discharge and 
the amou 2 it of charge liberated by the discharge is independent of the 
number of primary ions. 

The proportional counter is a GM-counter worked under starting 
potential but with a sufficiently high voltage to secure secondary 
ionization. Thus in tlie proportional counter each primary ion gives 
rise to a fixed ]uitnl)cr of secondary ions without, however, initiating a 
discharge. The amount of charge liberated is proportional to the 
primary ionization and can be taken as a measure of it. A description 
of the use of Geiger’s point counter as a proportional counter was 
given by Geiger and Klemperer (1928). 

140 . Ih’oportional counters can be used in cosmic-ray work for 
detecting the tracks of slow particles giving rise to more than average 
ionization or else to detect narrow showers. The main application of 
proportional counters lias been in the investigation of slow neutrons. 

The Neutron Counter 

H^'unfer (1938) lias used proportional counters with a dejiosit of 
metallic boron on the inner surface of the counter. Neutrons passing 
tliroiigli tlie wall can ])roduco disintegrations according to either of the 
following reactions: bio^N = Li’+c«, 

Bio-t-N = Be^o+P. 

Tlie process giving rise to o'-particles is assumed to be more frequent. 
The a-particles (or protons) emerging from the wall can be detected by 
their large ionization. 

A somewliat different arrangement has been used by Montgomery 
and Montgomery (1939) and Korff (1939). In these investigations the 
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counter is filled with. BF 3 , Thus neutrons are recorded by means of 
a-particles produced in the gas. 

Though the two methods of detecting slow neutrons are very similar, 
the following features may be noted. Fiinfer’s method has a larger 
absolute efficiency as a large fraction of the neutrons will be absorbed 
in the boron wall. The limit to the efficiency is given by the range of 
a-particles in the metallic boron. The disadvantage of this method is 
that the pulses obtained differ widely since the remaining ranges of 
a-particles in the gas depend on the depth of their formation; moreover, 
because of the complicated geometry it is not easy to calculate the in¬ 
tensity of the neutron beam from the number of observed disintegrations. 

E. Photographic Plate Method 

141 . Eecently the photographic plate method has been playing an 
ever-increasing role in nuclear and cosmic ray research. Some aspects 
of the method and recent results are summarized in App. Ill, added to 
this edition. 

142 . The photographic plate method was first introduced by Blau 
and Wambacher (1937 a, 6) into cosmic ray research. Photographic 
plates exposed on the Hafelekar 2,300 m. above sea-level showed, when 
developed, tracks which could not be ascribed to radioactive contamina¬ 
tion. In particular these authors found ‘stars’ consisting of a number 
of particles emerging from a common centre. These stars are due to 
nuclear explosions caused by cosmic rays. Similar events were found 
later by, e.g. Schopper and Schopper (1939), Rumbaugh and Locher 
(1936), Heitler, Powell, and Pertel (1939), and at present the investigation 
of cosmic ray stars is one of the principal problems of cosmic ray 
research. 

143 . The photographic plate technique has been greatly advanced. 
Tracks obtained in modern emulsions (see, e.g., Powell, Occhialini, 
Livesey, and Chilton (1946)) resemble in all respects cloud-chamber tracks. 

The gram density of tracks gives a measure of rate of energy-loss of 
the particle and thus of velocity. The change of grain density gives 
information as to the slowing down of the particle in the emulsion. 
Tracks ending in an emulsion permit an estimation of range. 

With a new Kodak emulsion it is now possible to obtain tracks of 
fast particles near the minimum ionization (see Berriman (1948)). 

A completely new feature of the photographic plate technique is that 
it makes it possible to get evidence on very short-lived particles 
with ranges too short to be observed in a cloud chamber. 
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THEORY or EAST COLLISIONS 

A. Inteoductioit 

144 . The theory of collisions between, elementary particles and atoms 
was developed in attempts to account for the behaviour of radioactive 
rays. The formulae obtained for energy loss, ionization, scattering, etc., 
of radioactive rays were later applied to cosmic rays. This application 
met a twofold difficulty. Firstly, the cosmic rays have energies much 
exceeding those of radioactive particles, and therefore it was not clear 
whether one was justified in extrapolating the formulae from the radio¬ 
active region where they were known to be valid to the region of the 
cosmic-ray energies. Secondly, for a long time the nature of cosmic-ray 
particles was unknown. 

As the result of long series of researches both difficulties have been 
reduced. The cosmic rays contain, like radioactive radiations, electrons, 
photons, protons, and neutrons; apart from these particles cosmic rays 
contain also various types of mesons. 

It has been established that the relativistic quantum theory of the 
colMsions of fast electrons and energetic photons is certainly valid in 
the region of cosmic-ray energies. It has been established, however, 
that the interaction of fast neutrons and protons is very much stronger 
than it would appear from the theory based on electromagnetic inter¬ 
action alone. It is believed that nucleons apart from the electromagnetic 
field they produce give rise also to another field which is termed the 
meson field. The meson field is assumed to be responsible for the short 
range forces between nucleons and therefore the meson field is taken to 
he the agency keeping the atomic nuclei together. 

In collisions two nucleons will interact by means of their electro¬ 
magnetic fields as well as through their meson fields. It seems that the 
interaction through the meson field is much stronger than the electro¬ 
magnetic interaction; hence the energy loss of fast nucleons when 
traversing matter is supposed to be mainly determined by the meson 
interaction which results in the emission of mesons. 

145. It should be pointed out that the validity of the quantum theory 
when dealing with the energy loss of fast electrons or energetic photons 
must be regarded as firmly established. It can be shown from elementary 
principles that the radiation formulae governing these losses must be 
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assumed to be valid for high energies provided they are found to be 
valid for radioactive energies (Williams (1934a, b, 1936)). The validity 
of the formulae in the region of radioactive energies has been well 
established by experiment. 

Apart from these theoretical considerations there is much experi¬ 
mental evidence supporting the validity of the radiation formulae in 
the region of cosmic-ray energies. 

146 . The theory of the interaction of nucleons through the meson 
field is on a much weaker basis. The assumption that nucleons give 
rise to the meson field is inferred from Yukawa’s (1935) theory of the 
nuclear forces. This theory led to the accurate prediction of the proper¬ 
ties of one of the mesons and must be taken very seriously. 

The existence of at least two types of mesons is now well established 
from cosmic-ray experiments. That at least one of these mesons is 
emitted by nucleons was established by the experimental findings con¬ 
cerning penetrating showers (see Chap. IX). 

The best experimental evidence for the meson field of nucleons is the 
fact that TT-mesons have been created artificially by a beam of fast 
a-particles (Gardener and Lattes (1947)). 

The application of the theory of the meson field to collision processes 
meets with great difficulties as divergent integrals appear in the theory. 
Definite results can therefore only be obtained by some cutting-out 
process which eliminates the divergencies. 

The most successful attempt to get rid of divergency was made by 
Heitler (1941) and also by A. H. Wilson (1941); it was shown that by 
considering radiation damping it is possible to give an unambiguous 
method of dealing with the divergent terms. 

In the present chapter we give a short account of the theory of colli¬ 
sion processes but we shall confine ourselves mainly to electromagnetic 
interactions, that is, to the processes where the validity of the theory 
can be regarded as well estahhshed. A brief account of some aspects of 
the meson theory will be given in Section E of this chapter. 

B. Summary of the Theory of Relativity 
Lorentz Transformation 
Coordinates and Time 

147 . An event taking place at the time i at a point with the Cartesian 
coordinates x, y, z with respect to a coordinate system K will appear to 
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have happened at the time at a point with coordinates x', y', z' when 
observed from a coordinate system K', where 

x' = {x—vt)B, 

y' = y> 

! ( 1 ) 




and 


B = 


( 2 ) 


V is the constant velocity of the system K' with respect to K, This 
velocity is assumed to be parallel to the a;-axis, and at the time ^ = ^' = 0 
the two systems are supposed to coincide. 

From the transformation (1) the following effects have been derived. 
Firstly, the length of a rod which is at rest in the system K appears 
contracted in a system K' in which the rod is in relative motion. The 
projection parallel to the velocity vector is contracted by a factor B, 
while the component perpendicular to the motion remains unaffected. 
Secondly, a clock moving with a velocity v towards the observer appears 
to lose time in the ratio I : B. The two effects are complementary and 
are referred to as Lorentz’s length contraction and time dilatation. 

We find from (1) 

x^+y^+z^—cH^ == ( 3 ) 


Momentum and Energy 

148. The momentum of a particle with rest-mass niQ when moving 
with a velocity v is given by 

p = mv, (4) 

with m = BmQ] (5) 

m is called the relativistic mass. 

According to Einstein’s principle of the equivalence of mass and 
energy, the energy of a particle can be written as 

w = mc^ = Bm^c^. (0) 

For a particle at rest we have 

Wq = moC^; (7) 

ivq is the rest-energy of the particle. The kinetic energy Wj^ of a particle 
is defined as the excess of the energy w over the rest-energy w^. We have 

= w—Wq = (5—l)moc2. (8) 
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Deyeloping B in powers of vjo we liave 

'^k = mo terms of higher order in vjc, (9) 

We see, that for c the kinetic energy Wj^ defined by (8) is very nearly 
equal to the kinetic energy of non-relativistic mechanics. 

149 . The components of momentum and the energy of a particle 
transform similarly to coordinates and time. Consider a particle with 
momentum p and energy w when referred to a system of reference K. 
The values of the momentum and energy as referred to a system K' in 
relative motion is obtained as 

= — ^y = :Py> w' 

' ' ( 10 ) 

With the help of (2) and (10) we obtain the following relation between 
momentum and energy of a particle 

w = c^(2)^+mgc2). (11) 

Another relation is obtained from (4) and (6). We have 

cpjw = v/c, (12) 

Considering particles of very high velocity, that is particles with 

V c and jB > 1, (13) 

we find w = pc+mg 0^2^+higher order terms in moc/p. (14) 

The above approximation will be referred to as the extreme relativistic 
approximation. 

The Electromagnetic Field 

150. The electromagnetic field can be expressed either by the com¬ 
ponents of E and H, the electric and magnetic field strengths, or by the 
components of the vector potential A together with the scalar potential 
The connexion between field strengths and potentials is given by the 
following Lorentz invariant equations; 

E = -i ^-grad€), H = curlA. (15) 

The components of the potentials transform as the components of the 
momentum and the energy. The field strengths are transformed from 
the system K to the system K' by the following equations: 

. = E^, E'y = {e,-'^h}^B, E', = (E,+'^H^'jB; 

K = H,, H'^={h^+^E^B, ( 16 ) 
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It is seen that the components in the direction of motion remain 
unaffected while the components perpendicular to the direction of 
motion are increased b 7 a factor B. Besides, the electric field gives 
rise to a magnetic component, while the magnetic field gives rise to 
an electric component. The induced components are proportional to 
vBJc. Thus for transformations corresponding to small velocities the 
induced components will be small; for transformations between systems 
moving with velocities of the order of c the induced components will 
be of the same order of magnitude as the transformed transverse 
components. 

Applications 

151. Two applications of the equations (16) wiU be discussed: 

Static field of moving charge 

1. The field of a uniformly moving charge e can be determined by 
transforming the Coulomb field in the rest-system into the system of 
the observer. The Coulomb field can be written as 


E = er/r*, H = 0, 

with 

The field of a charge moving with the velocity v is obtained by 
transforming (15) into a system K moving with velocity — v with respect 
to the rest-system of the charge. It can be seen, with the help of (14), 
(15), and (1), that 

K' — r?' _ j)^y' ^ 5_e2:' . 


E' 


H’^ = 0, hr; = ^r; = (i8) 

C C 

where ^ 

llie iuterprotation of (18) is as follows. The field of the charge moves 
as a solid body together with the charge. The moving field differs from 
a stationary field in the following ways: 

(1) The length dimensions of the field are contracted in the ratio 1: B. 

(2) The transverse component of the field strength is increased by a 
factor B. Due to (1) and (2) the electric field strength remains 
radial. 

(3) The electric field of the moving charge is accompanied by a 
magnetic field. 

It can be seen from (18) that the total electric flow through a surface 
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enclosing the moving charge is equal to 4776, that is, equal to the flow 
of the charge when at rest. It follows therefore from Gauss’s theorem 


that 


e = e. 


(19) 


Thus the value of an electric charge is not affected by the Lorentz 
transformation. 


Doppler effect and aberration 

152. 2. We consider the electromagnetic radiation emitted by a 
moving source. Consider a source moving with the velocity v along the 
a;-axis of the system K. This source is at rest in the system 

A sufiiciently small section of the radiation at a large distance from 
the source can be approximated by a plane wave. It is therefore suffi¬ 
cient to consider the transformation of an electromagnetic plane wave 
from the system K' to the system X. 

We consider a plane wave moving at an angle t?' to the a’'-axis in the 
system Z', having a wavelength X' and an intensity ATransforming 
the field of this wave according to (18) we find that the field in K 
represents also a plane wave moving at an angle & to the x-hkis with 


cos 77 = -!—- . 

The wavelength of the wave in K is given by 

COSTJ-j. 

The intensity in the system K is found as 


A = 


( 20 ) 


( 21 ) 



1 —-cosiJ'j 


( 22 ) 


Eq. (20) represents the aberration, while (21) and (22) rc})rcsciit the 
Doppler effect. 

We are interested in the extreme relativistic case where B ' 1. We 

have 


v/c ~ 1 ~ 


1 


Further z? ~ 2 tan(7972) JB, 

The above equation is only valid provided 

B ^ tan(7?72). 

We see that almost all directions of emission in Z' appear in K 
as crowded together into a narrow cone round the forward direction. 
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We find, for instance, that all the directions which have a forward 
component in K' (5*' < Jtt) appear in K inside a cone with the solid angle 

a = (23) 

The radiation emitted in the forward direction appears in K with 
shortened wavelength. We have 

= (24) 

On the surface of the cone (23) the wavelength is unaffected, while 
the wavelength in the backward direction is 

Thus the wavelength, as seen in K, is increased in almost all directions. 

The intensity of the radiation is increased in the forward direction 
by a factor ~ while in the backward direction it is reduced to 
approximately lj4B^ of the original intensity. 

The difference between forward and backward intensities appears to 
be due to the interaction of the electric and the magnetic vectors. Both 
the field of the waves moving in the forward direction and the field of 
the weaves moving in the backward direction are transverse to the 
direction of motion of K' and therefore the transformed components 
contain the factor B. But the electric field in K is the sum of two 
contributions, namely the transformed electric component and the 
electric component set up in K by the magnetic component in K\ 
These two contributions are in phase when considering waves moving 
forward but are out of phase for the waves moving backwards. The 
difference in the backward and forward intensities is therefore due to 
the interference between the fields set uj) by the electric and magnetic 
components of the original field. 

Consider a light source resting in K' and emitting the same intensity 
uniformly in all directions. The rate of energy emitted is thus 

The rate of energy emitted as observed from K can be calculated with 
help of (22). We find 

(26) 

Thus the rate of energy flow remains the same. 

The total energy emitted in a flash of a given duration t' is, however, 
larger when measured in K than when measured in the rest-system. 

3595.40 ri 
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Owing to the time contraction the duration of the flash appears in K 

t = Bt' 

and therefore the energy flow as seen in K persists B times longer than 
it persists in the rest-system. The total energy emitted as measured in 
K is therefore 

W = BW', (27) 

where W' is the energy emitted in the rest-system. 


C. Application of Conservation Laws to Collisions 
1. Elastic Collisions 

(a) Exact Treatment of Relativistic Collisions 

153. Collisions between two particles in which energy and momentum 
are conserved may he called elastic. Consider two free particles, one 
having a rest-mass ilfo, momentum P, and energy W = c^J{P’^-^Mlc^), 
the second having a mass momentum p, and energy iv. In an elastic 
collision the total energies and momenta of the particles will be con¬ 
served. We have thus 

P+p = P+p', 


W-\-w = W'+w\ 


(28) 


where primes indicate the values after the collision. The equations (28) 
have been solved and discussed by Jiittner (1914). It is convenient to 
refer the collision to the rest-system of one of the colliding particles. 
Thus we assume that 

P = 0, W = M^c\ (29) 


The results obtained with this special initial condition can be generalized 
by a Lorentz transformation. 

By means of a simple calculation we obtain from (28) and (29), with 
help of (11), 


, _ (m§c^4-ifoi^;)cos^+(^+AfoC^)>^(ilf§--mg sin^z^) ^ 

{wlc-\-M^cY—p^ cos^tS' ’ 

_ {w+MQC^){ml sin^z9) 

(wjc+MQC)^—^^OOQ^d^ ’ I 

p'2 _ p2_|.^'2_2^p'C0Sl?‘, 1 


( 30 ) 


where S' is the angle of scattering, that is the angle between p and 
(see Fig. 26). Alternatively energies and momenta can be expressed in 
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terms of a, the angle of recoil, that is the angle between the vectors p 
and P'. With this change eq. (31) is obtained: 


P' 


c2)cos a 

(wjc -f Mq cos^a ’ 


® {iolc-\-MQC)^—p^Goa^oi’ 
p'^ = 2^P'cosa. 


(31) 



The inomontiim of the colliding particle can also be determined from 
angle of recoil and recoil momentum: one finds 

_ p. ( W'+M^ c2)Mo cos a+VK( W'+M, c2)cos2a-(if§~mg)c2} 

^ ' . ~iW']c+MoC)^cos^(x-P'^ 

(32) 


Finally, it is useful to express a, the angle of recoil, in terms of the 
energy transferred in the collision. We find 


COS(X 


w+MqC^ 
pc 




‘ 

V w' 


(33) 


The corresponding expression for & is rather elaborate and will be 
omitted. 

Finally, we can express the mass mg of the colliding particle in terms 
of p', P', Mq, and the angle 

S “ ^+a. (34) 


S is the angle between the directions of the two particles after collision. 
We find, with help of (23), as the result of a short calculation 


m 



/ cP'cos S 


[W'-Moc^ 



(35) 
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The above relation "was pointed out by Gorodetzky (1942) (see also 
Leprince-Ringuet and Gorodetzky (1941)), and it was shown to be of 
use for the determination of the mass of a colliding particle based on 
data obtained from a secondary electron (see Ch. IV, § 275). 

(6) Extreme Relativistic Approximation 

154. For most applications it will be sufficient to use the ‘extreme 

relativistic’ approximations of the collision formulae. These approxima¬ 
tions are obtained by neglecting quantities of the order of We 

find 

p' r^w'jcr^v + COSl^ 

^MqC{p+MqC)goscx 
{2p-^Mq c)M^ c+p2 sin^a ’ 

W’-M, c* ~ c« 2jfoc(y+jlfoc)cosa 

(2^ +Mq c)MqC’\-p^ sin^od ’ 

In eq. (36) terms of the order of M^clp have been retained. These 
terms are of importance in collisions between a light fast ])article and 
a heavy particle provided the rest-energy of the heavier particle is not 
negligible compared with the kinetic energy of the lighter particle. 

(c) Discussion of the Collision Formulae 

Angle of scattering 

155. According to (30) a heavy particle colliding with a lighter or 
equal particle can only be scattered through an angle ?? ^ witli 

sinz?^ = JfoMo- (37) 

A particle colliding with a heavier one can be scattered through any 
angle. 

Angle of recoil 

156. It follows from eq. (33) that the angle of recoil tends towards 
for collisions where the energy transfer is small compared with the rest- 
energy of the recoiling particle. All slow secondaries of a sufficiently fast 
particle will be ejected nearly at right angles. Slow secondaries at right 
angles to a fast primary are frequently seen on cloud-chamber photo¬ 
graphs. 




§167] 


APPLICATION OP CONSERVATION LAWS 


86 


Transfer of energy 

157. No energy is transferred in a collision for which d' = 0. The 
maximum possible energy is transferred in a head-on collision with 
a = 0. Tlie maximum transferable energy is therefore found from 
eq. (31) as 2'2}^M 

W„ = {W'-MA,, = (38) 


ml c^-\rM^{2w~\-MQ c^)' 


This formula can, however, only be applied to the collisions of two 
unlike particles. In the case of the collision of two like particles it is 
impossible to distinguish between the scattered and the recoiling par¬ 
ticle. In this case one defines the particle which comes out of the 
collision with more energy to be the scattered particle. The energy 
transfer cannot therefore exceed half the primary energy and thus for 
like particles we obtain 


= {w-moC^)j2. 


In the extreme relativistic approximation 


(39) 




'w unlike particles 
wl2 like particles 


{w >moC‘^ifoc2). 


(40) 


The above approximate formula for unlike particles is only valid if 
w ^ In the case of incident heavy particles colliding with 

lighter particles the al)Ove limit may be very high. Eq. (40) applied to 
protons colliding with electrons is only correct for zv 10^ MEV. and 
in the case of mesons colliding with electrons it is correct for w ^ 10"^ 
MEV. Eor the intermediate region, that is for <^w <^mlc^lMQ, 
we have, approximately, 


W,, ^ 2{pMW,cK (41) 

158. Regarding the dependence of the energy transfer on the angle 
of scattering two cases have to be distinguished: 

(i) The energy of the incident particle is large compared with both 
its own rest-energy and the rest-energy of the knocked-on particle. In 
this case the transfer of energy is of the same order as the primary 
energy except when the angle of scattering is of the order of c'^lw) 
or less. The momentum loss as a function of i?, the angle of scattering, 
is shown in Eigs. 27, 28. 

(ii) A light particle collides with a much heavier one. The energy of 
the light particle is much larger than its own rest-energy hut does not 
exceed the order of the rest-energy of the recoiling particle. In this case 
the transferred energy changes uniformly with angle of scattering as 




1-cosi9' 


a. Transfer of momentum in a 
collision between equal particles 



6. Transfer of momentum from a heavy 
to a light particle, x = iVfop/m§c. 



c. Transfer of momentum from a light to a heavy particle. 
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seen in Pig. 28. An example is the collision of an electron of sav 10® 
MEV. with a proton. 


10 





Fig. 28. Transfer of momentum from a light particle to a heavy particle 
for large angles of scattering, 

Compton effect 

159. A photon can be regarded as a particle with zero rest-mass 
and w=2>o = hv. Introducing = 0 we obtain from (30) and (31) 

v' = (1 ±-^0 c®//t v)( 14 - c os &)M^ c^lh 
(2+71f(,c®/Av)i/j,c®/Av-fsin®i9’ ’ 

P'— ^^0 ^ c®/Av)cos ot 

"■■■ (2+M~cyhv)M~c^Jf^^ 

2. Inelastic Collisions 

160. There are collision processes which can only occur in the pre¬ 
sence of a third particle which suffers a recoil in the collision. Processes 
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of this kind are essentially inelastic although the recoil-energy may 
often be small compared with the total transfer of energy in the collision. 

Pair production 

Consider a process in which a photon is absorbed, giving rise to a 
number of particles with momenta and energies 

The conservation laws require 

Ar/c = |. (^3) 

For particles with non-zero rest-mass P < Wjc and therefore 

|P,+P 2 +...| < IP 1 I + IP 2 I+... < WJC+WJC+.... (44) 

Comparing (43) and (44) we see that energy and momentum cannot be 
both conserved in this process. If the energy is conserved an excess of 
momentum remains. Thus the creation of particles with finite rest-mass 
by photons is only possible in the presence of heavy particles capable 
of taking the excess momentum in the form of recoil. 

D. Fast Collisions 

161. In order to obtain information about the relative probabilities 
of collisions we have to consider the forces acting between the colliding 
particles. 

As the quantum theory of collisions is dealt with elsewhere (e.g. Heit- 
ler, Quantum Theory of Radiation, Oxford, 1944; Mott and Massey, The 
Theory of Atomic Collisions, Oxford, 1949) we restrict ourselves to a very 
brief sketch of the quantal treatment; we shall, however, give an account 
of the very instructive classical theory of collisions based on the work 
of Bohr (1913, 15), Weizsacker (1934), and Williams (1933a, 4a, 6). 

1. Classical Theory 
(a) Im^pact Parameter Method 

The inapact parameter 

162. Consider two particles, one of mass m, charge ze, and momentum 
p, and the other of mass M, charge Z-^e, initially at rest. 

The distance a of closest approach between the particles will denote 
the impact parameter. If the impact parameter is sufficiently large, 
the orbit of the moving particle can be taken in first approximation 
to be a straight line and the change of velocity can be neglected. The 
force acting upon the stationary particle perpendicular to the direction 
of motion at a time t is 

I 


(45) 
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where it is assumed that the nearest approach takes place at « = 0 . 
V IS the velocity of the colliding particle. The recoil suffered by the 
stationary particle is given by the time integral of the force. We find 

— J Fy.dt = 2Z^zeyva. ( 46 ) 

The momentum transferred in the longitudinal direction can be treated 
similarly. It is seen, however, that the longitudinal component of P' 
vanishes if treated in the same approximation as before. We shall 
assume therefore in the following 

^long =0, -Pa; = P- 

163. The momentum transferred in a collision is limited by the con¬ 
servation laws and therefore (46) is clearly inaccurate for too smal l 
impact parameters. This inaccuracy arises from having neglected the 
motion of the recoiling particle and also from having neglected the 
reaction of the collision upon the colliding particle. A more accurate 
treatment of the collision, according to Bohr (1915), gives for the recoil 
momentum „ „ 

T,, 2Zize^ 

P = —i . (46a) 


with 


' v^{a^+b^y 
b — -^1 

Mmv^B 


The loss for a = 0 is therefore 


P' 

^ max 


2Mp 


(46 b) 


(46 c) 


M-\-m 

as is expected. 

In most considerations it is sufEcient to use the approximate for¬ 
mula (46). 

Differential cross-section 
Momentum transfer 

164. The impact parameter a can be expressed in terms of the 
momentum transferred. We find from (46) 

a ~ ^Z^ze^jvP'. ( 47 ) 

The above expression defines the distance at which the momentum 
transfer is equal to P'. 

Consider an absorber of thickness 3 containing N stationary particles 
per c.c. A particle traversing the absorber will suffer on the average djV' 
collisions at distances between a and a-{-da from any of the stationary 


particles, where 


dj^ = N^^ira da. 


(48) 
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.From (47) and (48) we find that the average number of collisions 
leading to transfers between P' and P^~\-dP' is given by 

djT = ^. ( 49 ) 

We divide (49) by JV 3 and obtain the average number of collisions 
per scattering particle 

x(P') ^^P' = ^-rTZlzh^jv^ ^. (60) 

^(P') dP' is the difiFerential cross-section. It has the dimensions of an 
area and it can be regarded as the effective area per scattering centre 
in which the specified collision takes place. 

Scattering 

165. The angle of scattering, if small, is given by 

^ = P'lp (51) 

and the differential cross-section for an angle of scattering in the interval 
t?*, d&h found from (50) and (51): 

= STrZfz^e^lp^v^^. (52) 

Sometimes it is useful to consider the projection 7 ?' of the angle of 
scattering on to a plane parallel to the initial direction of the particle. 
As the result of a simple geometrical consideration we find for the 
differential cross-section in terms of the projected angle 

xi^') = hw (53) 

Energy transfer 

166. The differential cross-section for the loss of energy is obtained 
from (50) by expressing the momentum in terms of energy.' With the 
help of ( 11 ) we find 

xiW) dW = . (54) 

In the non-relativistic case we have 

W ~ Mc^, P' ~ {2MWk)K 

and dW'ji = dW, where is the kinetic energy. We find thus 

dW’„ » 2^Zlz^eyMv^^. (64a) 

In the extreme relativistic case we have instead 

dW 


X(W') dW' 
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Rate of energy loss 

167. The rate of loss of energy of a fast jjarticle traversing matter 
is obtained by averaging over the effects of independent collisions. It 
is seen from (54 a) that the loss of energy is inversely proportional to 
the mass of the stationary particle; in collisions with atoms most energy 
is therefore lost to atomic electrons and the loss of energy due to 
collisions with nuclei can be neglected. 

We restrict ourselves, therefore, to electronic collisions and put 


= 1, if = m,. (55) 

By averaging over collisions leading to various amounts of energy 
transfer we obtain with the help (54 a) for the average rate of loss 
of energy 

flW ^ W 

W'x(W') dW^ ^ (56) 

di J m^v- 

where maximum transferable energy. The expression (56) 

is based on the non-relativistic cross-section (54 a). If B^ax 
this is not justified and the cross-section as given by (54) should be used. 
It is seen, however, that for relativistic energies the cross-section 
decreases witli l/W'^ and therefore the contribution to the total loss 
arising from energetic collisions is negligible. The total loss is found in 
this case to be approximately 


dW _ 


(56 a) 


168. The expression (56) was obtained by Thomson and also by 
Whiddington (see Bohr (1913)). The expression (56) diverges, however, 
if ap|)roaches zero. The theory as presented is therefore not 
consistent. 


Effect of binding forces 

The divergence of the expression (56) is due to the distant collisions, 
and it must be assumed therefore that the transfer of momentum (or 
energy) for distant collisions is less than expected from (46). 

In earlier attempts it was postulated that the momentum transferred 
in collisions is given correctly by (46) up to distances of the order of 
the atomic radius, and that for larger distances the loss is smaller than 
predicted by (46). Such a postulate is unsatisfactory (compare § 180), 
and it leads also to results incompatible with observations. 

The problem of energy loss of fast particles was eventually solved by 
Bohr (1913, 15). Bohr realized that it was not permissible to treat the 
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atomic electrons as free electrons; he showed that the momentum 
transfer, especially in distant collisions, is strongly affected by the 
binding force between the electron and atom. 

Bohr assumed the electrons to be bound by harmonic forces to the 
atoms; the energy transferred to the bound electron is approximately 
the same as that transferred to free electrons, provided the time of 
collision is short compared with the natural period of the electron. 
In slow collisions the energy transfer is much reduced by the binding 
force. 


Time of collision 

169. The time of collision is the time during which the interaction 
between the colliding particles is relatively strong. According to (46) the 
Coulomb field is relatively strong for a period 2afBv, and we may put 
therefore for the time of collision 


«cou = Sa/Sv. (57) 

We may write therefore 

2a^^lBv = 1/P, 

where v is the average atomic frequency and collision parameter 

for which the time of collision is equal to the period of free oscillation. 

We have therefore ^ 

<^inax == BvI2v, (60) 

The effect of binding forces can be introduced schematically by assum¬ 
ing that collisions at distances less than are not affected by the 
binding while no energy is transferred for collisions at distances exceed¬ 
ing 

The energy transferred at the distance a — is obtained from (46), 
(58), and (56). We have 

P'2 

W'rnin = (59) 

Introducing from (59) into (56) we have for the rate of loss 


dW ^ 27Te^z^ ^ 4:7Te^z ^, Bvhn^c 
mv^ ^ mv^ \JSze^v ’ 


(60) 


It was pointed out by Bohr (1913, 15) that in the case of bound 
electrons the momentum transferred into the longitudinal direction must 
not be neglected. Including longitudinal terms Bohr obtained 


dW 


AttNzH^ 

mv^ 




( 61 ) 


Bohr’s expression under the log differs slightly from that given in 

( 60 ). 
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Distant collisions 

170. It is interesting to note the actual magnitude of 
Williams, 1933). The order of magnitude of v can be assumed to be 

V Zm^c^ll37^h 

and therefore 

where Uq == 137% is the Bohr radius of the H-atom. Bor air we have 
approximately = £.10-’cm. 

Thus for B = 10’ we have = 1 cm. and for sufficiently energetic 
primaries can be of the order of metres. If the primaries are 
electrons, then B — 10’ corresponds to 10^® eV. primaries. Thus suffi¬ 
ciently energetic particles may lose energy in collisions at distances up 
to centimetres or even metres. Limitation of this theory may arise 
owing to the polarizability of the medium traversed (Fermi (1939-40), 
Halpern and Hall (1948)). 


Classical energy loss formula 

171. The number of electrons contained in a cubic centimetre of an 
absorber can be written as 

N L(ZIA)k, (62) 

where A is the atomic weight of the absorber and Z the atomic number. 
L is Avogadro’s number and k the density. We may express the thick¬ 
ness of absorber in grams per cm.^ instead of centimetres. We introduce 
therefore 


e = ^k. 

Introducing numerical values we have further 

4:7rLrlm.^c^ — 0*3 MEV. per (gram/cm.^) 


(63) 


(64) 


and 


dW (Zl A) 

■ dd ' (v/c)^ 


, Bv^m^ c 


-log ■»-£.) 

MEV. per (gram/cm.2). (65) 


We note the following features of the energy loss formula (65). 

1 , The rate of loss of energy is nearly proportional to l/^;^. Thus 
slow particles lose much more energy than fast ones. The rate of loss 
decreases with primary energy, reaches a minimum, and increases 
logarithmically witli the energy for higher energies. 

The density of ionization j)roduced by fast particles is proportional 
to the rate of energy loss and therefore the ionization density of par¬ 
ticles is high for slow j)articles, reaches a minimum for a velocity near c, 
and increases with the logarithm of the energy for high-energy particles. 
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2 . The atomic miinber of the absorber appears outside the logarithm 
only in the combination ZjA. This ratio does not change greatly with 
atomic number and therefore the rate of loss is roughly mass propor¬ 
tional. The expression under the logarithm depends, however, on Z as 
the electrons are bound more strongly in heavy elements than in light 
ones, therefore the rate of loss of energy expressed on a mass scale 
decreases somewhat with increasing Z. 

3. The rate of loss is proportional to z^', thus the loss of multiply 
charged particles greatly exceeds that of singly charged ones. In par¬ 
ticular oc-particles lose about four times as much energy as electrons or 
protons of the same velocity. 

Secondaries 

172. ^ In collisions where an electron receives an energy exceeding the 
ionization energy the electron is ejected from the atom and appears as 
a secondary. 

The cross-section for the production of secondaries with energies in 
the interval W\ dW' is obtained from (54 a) as 

= ( 86 , 

The equation (66) is in agreement with the corresponding equation 
obtained from quantum theory provided W is much larger than the 

ionization energy and much smaller than the maximum transferable 
energy. 

The cross-section for the production of high-energy secondaries is also 
influenced by the interactions of spins and magnetic moments of the 
colliding particles. 

Scattering 

Multiple scattering and large-angle scattering 

173. A particle traversing an absorber suffers a large number of 
collisions and the change of direction of the particle is due to the 
resultant effect of the single collisions. 

The distribution of the angles of scatter suffered in the individual 
collisions is given by (52). We see that the number of deflexions of a 
given size increases very rapidly with decreasing size; collisions leading 
to smaU angles of deviation are therefore predominant. 

The individual angles of scatter have independent azimuth and there¬ 
fore they compensate each other to a large extent. The total de^xion 
mcreases on average with the square root of the number of collisions. 



§ 173 ] 


FAST COLLISIONS 


95 


Occasionally a particle suffers a close collision in which it is deflected 
by a comparatively large angle. The effect of such a collision can be 
much larger than the cumulative effect of the frequent distant colli¬ 
sions, and the two processes can be treated separately. 

174. We call multiple scattering the scattering due to the cumula¬ 
tive effect of many small-angle deflexions. This scattering has to be 
distinguished from the large-angle scattering to a single close collision. 

Distribution of angles of scattering 

The difference between multiple scattering and large-angle scattering 
becomes apparent from the distribution of the total angles of scattering 
of similar particles traversing the same absorber. 

The particles traversing an absorber can be divided into two groups: 
( 1 ) Particles which have passed through the absorber without having 
encountered any close collisions. ( 2 ) Particles which did encounter 
one or more close collisions. 

The angles of total scattering of the first group are distributed accord¬ 
ing to a Gaussian law; this can be shown exactly, but it is plausible 
when remembering the random azimuth of the individual collisions. The 
angles of deviation of the second group will follow closely the distribu¬ 
tion (52) as most of these particles will have suffered one collision only, 
and this collision is expected to give a predominant contribution to the 
total angle. 

Thus the distribution of the angles of scattering is given for small 
angles by a Gaussian, but for large angles the distribution tails off 
according to a law of the form 

(67) 

Scattering angles lying in the region where the Gaussian distribution is 
predominant may be ascribed to multiple scattering, while the larger 
angles in the region where the distribution obeys (67) may be ascribed 
to large-angle scattering. 

The region where the two distributions intersect is called the region 
of plural scattering. Particles in this region are expected to have 
suffered a small number of collisions at intermediate distances. 

175. Limiting impact parameter. There is no sharp division between 
large-angle scattering and multiple scattering. It is useful to introduce 
a limiting impact parameter so that a particle traversing an absorber 
of thickness 3 suffers on average one collision at a distance less than a^. 
Thus we put ' 
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or 

corresponding to an angle 


_ 1 

_ 2^1 ze® 

^ ~ Vp^J(TTNi) 


( 68 ) 
(68 a) 


(Williams (1939 c)). We consider collisions at distances less than as 
close collisions giving rise to large-angle scattering and collisions at 
distances larger than as distant collisions contributing to multiple 
scattering. 

The expression ( 68 ) for depends on the thickness 3 of the absorber. 
This is justified, as a collision which is rare in a thin absorber may not 
be rare in a much thicker absorber. The distinction between what is 
taken as a rare large-angle collision and what is taken to be a 'frequent’ 
small coUision depends necessarily on the thickness of the absorber. 


Averaging over collisions 

The theory of scattering of fast particles crossing absorbers was 
developed largely by Wilhams (1939 c). We reproduce parts of the 
theory which will be of importance in connexion with cosmic-ray 
observations. 

176. We proceed to average over the individual collisions encountered 
by a fast particle traversing an absorber. We are interested mainly in 
the angle of scatter and the linear displacement resulting from a large 
number of independent collisions. We shall always assume that the 
energy loss of the scattered particle on its way through the absorber 
is negligible, and therefore we shall assume the velocity of the particle 
to be constant through the absorber. The problem of the scattering of 
electrons in thick absorbers will be treated in some detail in Ch. VIII. 

The differential scattering cross-section according to (52) is propor¬ 
tional to Zf. Hence the scattering due to nuclei is usually much more 
important than the electronic scattering and we shall not consider the 
electronic scattering. 

In the following we shall assume therefore 

Z^ = Z and m = AMp. (69) 

177. The mean square angular deflexion and the mean square dis¬ 
placement can be determined as follows. 

Consider a particle traversing an absorber 3 cm. thick. Assume 
collisions to take place at the depths 3 i, 32 ,-.-, resulting in deflexions 
5 the azimuth of the orbit will change after each collision, and 
the subsequent azimuths are assumed to be 
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The projected angle of deflexion at the depth 3 is given by 

^ = I?iCOS^1+j^2COS^2+"-j (70) 

while the projection of the linear displacement can be written as 

^3 —3i)^iCOs^i+(3—32),92C0S942+... . (71) 

Thf to average over the parameters of the single collisions. 

f independent and therefore we may 

assume for the average values ^ 

<cos,S,cos^,> = |0 (72^ 

n of energy of the particle while 

p mg through the absorber, we may assume that the values of 3 . are 

theSfSe^^^ of each other and are distributed at random. We assume 

3 

<(3-3i)®> = -^ J (3-3f)^ dii == I 32 . (73) 


Introducing (72) into (70) we find 


<^' 2 > _ 

where n is the average number of collisions per cm. absorber and'^^ is 
tne mean square angle of scattering in one collision. We have 

n = (NJZ) I x(^) d&, ^2 = J^2^(^) d&lj x{&) dx% 

and, finally, _ g J 

Similarly we obtain for the mean-square displacement, with 
(71), (72), (73), and (75), 

= d~\(&)d». 

The expressions (76) and (77) refer to the projection of the angle of 
scatter and the projection of the linear displacement. The mean-square 
values of the actual angle and the full displacement are twice those of 
their projections and thus we have 


(75) 

(76) 
help of 

(77) 




(78) 

(79) 
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179. It remains to determine the numerical value for the integral 

J 

Inserting the cross-section from (52) we obtain 

j 9^xiP) d& = log(80) 

It is seen that the integral (80) diverges owing to the contributions of the 
small angles, i.e. owing to the contributions of the distant collisions. 
It must he concluded therefore that the contribution of the distant 
collisions is reduced by some process. 

Screening 

180. The analogous difficulty in case of the energy loss was overcome 
by considering the effect of the binding forces between electrons and 
atoms. As, however, scattering is mainly due to nuclear collisions, and 
the nuclei can be regarded as practically free, the divergency in the 
expression for the scattering cannot be overcome by introducing the 
effect of binding forces. 

Nuclear scattering at large distance is, however, reduced by the 
electrostatic shielding of the nucleus by its electrons. 

The electrostatic shielding reduces the scattering of distant particles 
but it does not reduce the loss of energy. It was seen in § 170 that 
sufficiently energetic primaries are capable of losing energy to atoms 
very far from their path. Thus a primary travelling at a distance such 
that the fields of the electrons and the nuclei compensate each other 
almost completely is still capable of transferring energy to the atom. 

The physical reason why screening reduces scattering much more 
than the energy transfer is as follows. A fast particle passing an atom 
transfers a certain amount of momentum to each electron and also to 
the nucleus. The angle of scattering is, however, determined by the 
transverse component of the total recoil. Due to the opposite sign of 
charge the electrons recoil in the opposite direction to the nucleus, 
and if the fast particle passes at a sufficient distance, the transverse 
components of the recoiling electrons cancel the transverse component 
of the nuclear recoil and thus no scattering results. The total energy 
transferred is equal to 

j ^nucleus 
^=1 ® ^ 

The energy transferred to any of the electrons or to the nucleus is 
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positive, and is not affected by the presence of the other particles 
except for the small effect of binding forces. 

In other words, a particle passing an atom suffers Z+l collisions 
with the constituents of the atom and loses energy to every one of them. 
The Z~\-l angles of scattering, however, tend to compensate each other 
and therefore the scattering is reduced strongly by shielding. 

181. The scattering of a fast particle at increasing distances is reduced 
gradually due to shielding. Schematically we may assume, however, 
that in collisions up to a distance a = the effect of shielding is 

negligible, while for distances larger than no scattering takes place. 

W, may put = <..= 137 % ( 81 ) 

is the Bohr radius of the H-atom) and thus obtain from (46) and (54) 

Zhm^ 


d'. 


min 


Zze^lvpr^Q = 


m^vp 


(classical). 


(82) 


Finite nucleus (see Williams (1939 c)) 

182. The value of depends on circumstances. If no more 
stringent limitation of the angle of scattering is imposed we may put 
(compare (68 a)) „ ..ox 


183. It was pointed out by Williams (1939 c) that in case of fast 
particles an upper limit forz? is imposed by the finite size of the nucleus. 
The nucleus can be taken as a sphere with radius 

Vz = z\. (84) 

The Coulomb field inside this sphere is much weaker than that of a 
point charge, and therefore the angles of deflexion for collisions with 


a <rz 

are smaller than expected for a point nucleus. In a schematic treatment 
one can neglect all collisions at distances less than One finds thus 
for the maximum angle of deflexion 

’9'max = 2Zze^lvprz = — . (85) 

up 

For fast particles z^^ax obtained from (85) is small. With v ^ c, 
we have 

^max ~ 2Zh{mJmB) (classical, finite nucleus). (86) 

It will be seen that the value for z^niax obtained from quantum theory 
(§ 192) is 137 times larger, but even this larger value is fairly small and 
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thus no large-angle scattering of fast particles due to Coulomb inter¬ 
action is to be expected. 

Large-angle deflexions of fast cosmic ray particles have, however, 
been observed. Such observations give direct evidence for the existence 
of non-Coulomb forces between nucleus and particle (compare Ch. IV, 
§ 319, and also § 193). 

184. Introducing (52) into (85) and (82), we find with the help of (78) 




(87) 


It will be seen later that (87) is confirmed by the quantal treatment. 


(b) Limitation of Classical Theory of Elastic Collisions 
185. It remains to point out the limitation of the classical treatment 
of elastic collisions (compare Williams (1940 a)). 

All considerations were based on eq. (46) which gives the momentum 
transferred in a collision with impact parameter a. 

In an exact treatment of the collision the wave properties of the par¬ 
ticles have to be considered. The position and momentum of a particle 
represented by a wave packet are uncertain by amounts given by the 
uncertainty relation of Heisenberg: 

ApAo; ~ h. (88) 


The classical treatment of a collision is only valid if the transverse 
extension of the wave packet representing the moving particle is small 
compared with the impact parameter a. Thus we have the following 
condition: 


Ao; 2a. 


(89) 


At the same time it is necessary that the transverse component of the 
recoil momentum should be small compared with the uncertainty of the 
momentum in this direction. Therefore with the help of (46) we obtain 
the second condition 

A^ ^ 2P^ = 4rZ^ze^jva. (90) 


From (88), (89), and (90) the following condition is obtained. 


SZ^ze^lv > ApAa; ^ 27rh, 

and therefore we find that the classical treatment is only valid provided 


Z-^z 

m(vlc) 


^ ~ 1 . 


(91) 
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The condition (91) is, however, only fulfilled for slow particles and large 
values of Z^. For fast cosmic-ray particles the condition (91) is not 
satisfied and therefore the classical treatment cannot be relied upon. 

186. In spite of the condition (91), which is not satisfied for fast 
particles, the formulae obtained from the classical treatment lead to 
qualitatively correct results. It is found that the classical expressions 
for energy loss or scattering are only in error under the logarithm, while 
the factor outside the logarithm is obtained correctly. The reason for 
this partial agreement between classical treatment and quantal treat¬ 
ment is due to the analytical accident that in the case of a Coulomb 
interaction the two treatments lead to the same expression for the 
differential cross-section. 

The difference between the two treatments becomes, therefore, only 
apparent when collision parameters appear explicitly; the collision 
parameters, however, always occur under the logarithm and therefore 
do not affect the results considerably. 

2. Quantal Treatment of Collisions 

(a) Elastic Collisions 

187. We give the following very brief treatment of the quantum 
theory of elastic collisions. The non-relativistic treatment of this prob¬ 
lem was given by Wentzel (1927) and by Gordon (1928); the relativistic 
treatment of the problem according to Dirac’s theory was carried out 
by Mott (1932). The loss of energy of fast particles was treated by 
Moller (1932), Bethe (1932), Williams (1932), Bloch (1933). 

Transition probabilities 

188. Consider an atomic system the stationary states of which are 
represented by wave functions 

T„ .... (92) 

A perturbation switched on at a time t = 0 may cause transitions of 
the system from one to another of its stationary states. It can be shown 
that the probability of a transition from state 1 to state 2 due to a 
perturbation II is given by 



Ti2 — ^ J ^^12 ’ 

0 

(93) 

with 

= dr 

(94) 


where the integration denoted by has to be carried out over all 
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coordinates; the time integration (93) has to be carried out over the 
time of the perturbation. IT^g will be referred to as the matrix element 
of the transition. 

In case of a time-independent perturbation it is useful to introduce 
a transition probability per unit time. We assume the final state to 
lie in a continuum; the transition probability per unit time is then 
given by 


where dN is the number of stationary states in the vicinity dW of the 
final state. The expression (95) for infers to transitions in which the 
total energy of the system is conserved (compare e.g. Dirac, Quantum 
Mechanics, Oxford, 1947, p. 172). 

It is often convenient to replace transition probabilities by effective 
cross-sections. We find 

<I>12 == 


where v is the velocity of incident particles. 

The above approximate treatment is referred to as the Born approxi¬ 
mation. 


The Rutherford formula 
Matrix elements 

189- Consider two free particles of mass m and M and initial momen¬ 
tum p and P. To a first approximation we consider the particles as free 
and introduce the Coulomb force as a perturbation causing transitions. 

The initial state of the system is described by the following wave 
function: 

Yi = iexp[i[PR-Tf«+pr-M>«]j. (97) 

This wave function corresponds to the non-relativistic approximation 
and is normalized to represent one particle of each kind per volume A®. 
It is further assumed that the particles are different. 

Consider the transition into a final state 2 with the wave function 

% = Aexpji [P'R- W't+p'r-w't]^. (98) 

Take the one particle to be a nucleus of charge Ze surrounded by Z 
electrons. Due to the shielding effect of the electrons the Coulomb field 



§ 189 ] 


FAST COLLISIONS 


103 


of the nucleus dies out exponentially at large distances and we may put 
for the interaction energy 

n(r,R) =-exp(—s/2v), (99) 

s 

where s = R—r (s = |s|). (100) 

The matrix of transition from the initial to final state is obtained with 
the help of (94), (97), and (98) 

= zZt^ J J ^rdR. (101) 

Both R and r have to be integrated over the volume JS?, 

Centre of gravity system 

190. It is convenient to introduce new variables, namely s and 

S = {MK+mT)l{M+m), (102) 

S is the position vector of the centre of gravity. We find 

drdR = dsdS, (103) 

where we write dr, etc., for the differential volume element, thus 

dr ^ dr^drydTg, etc. 

The integral (101), expressed in terms of the variables rfs and cZS can be 
written as follows (note w—w'-{-W — W' == 0): 

n.. = J exp(i[p-p-+p-^p-]s) ,;s ^ J 


:(P-P')-(P-P') / i+S. 


The integral into rfS is equal to one, provided 

P+P - P'+P', (105) 

and vanishes otherwise. 

Eq. (105) ex])resses tlie conservation of momentum and thus we see 
that transition can only take place in accordance with the conservation 
of momentum. 

With the help of (104) and (105) we find 

q = P-P', (106) 

thus q is the amount of momentum transferred in the collision. The 
remaining integration in (104) can be carried out analytically. We find 
with the help of (94) 

TT „ 47rzZe^lA^ 


(107) 
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In order to find the actual collision cross-section we have to determine 
the density dNjdW of final states. It is convenient to consider the 
collision in the centre of gravity system. In this system we have 

p' = -P'. (108) 


The number of stationary states in which the niomentinn of the scat¬ 
tered particle is found in the interval dp' and moving in a direction 
inside a solid angle Q is found to be 


(27Tfi)3 ‘ 

The energy in the centre of gravity system is 

2 

and therefore we have 


(109) 


1 dN 
A^v dW 


m^dO. 


( 110 ) 


{27TKf{l+mlM) ’ 

Inserting (107) and (110) into (96) we obtain for the cross-section in the 
centre of gravity system 


xMdo^ = 


A2/4rfc)^ 1 + m/ilf' 


( 111 ) 


Transformation into rest-system 

191. We note that vx{q)dQ has the same value for any system of 
reference and thus the cross-section in the rest-system of the scattoror 
becomes 


x{q)dQ. = 


4:Z^z^eWdil 


( 112 ) 


The cross-section (112) may also be expressed in terms of??, the angle 
of scattering. For small scattering angles we have 


p p' and q>^ZpBvn\{h (113) 

besides dQ. = 27 TBinddd, 

And thus we have 


X{d')dd‘== STrZ^z^e^sini^dd- 

Putting further sin??~?? and neglecting compared with 

find finally 


(114) 
7 ? we 


X[d') dd' = 


dd^ 

v^p^ d'^' 


(116) 
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Comparison with the classical result 

192. It is seen that the cross-section (115) obtained from quantal 
treatment is identical with the cross-section (52) obtained from the 
classical treatment. A notable difference between the two treatments 
appears in the limitation for small angles. It is seen from the fuller 
expression (114) that for small angles z? <^min scattering cross- 
section increases much less than with decreasing angle. The 

difference becomes apparent for angles smaller than 

^min = 

The classical value for is 137<;/c times smaller (see § 181). 


Finite nucleus 

193. The large-angle scattering of fast particles is limited by the 
finite size of the nucleus. The Coulomb field inside the nucleus is much 
smaller than that of a point charge. Schematically the field can be 
represented by 

7 jp 

(117) 

R 

(Williams, 1939 c). Inserting (117) into (94) we see that the matrix 
element can be split into two similar contributions and we have 


ni2 = 47rZze^l 


1 




(118) 


The cross-section can be derived from this new matrix element exactly 
as before and we obtain 




SvrZWr 1 


1 




(119) 


^min = ^max = (120) 

For angles in the region ^ ^max (121) 

the second term in the curly bracket is small compared with the first 
term and therefore the cross-section is only slightly affected by the 
finite size of the nucleus. 


For angles z? > 

the two terms in the curly bracket tend to cancel each other and there¬ 
fore the probability of scattering through angles much larger than 
is negligibly small. 

In Pig. 29 we have reproduced firom Williams (1939 c) the cross-section 
for scattering through various angles. Curve A refers to scattering by 
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Coulomt interaction only, while curve C gives the scattering y 
short-range forces between the nucleus and the scattered partic e. 
is seen that for a pure Coulomb interaction scattering through large 
angles is unimportant. 



(b) Inelastic Collisions 

194. The energy transferred in an inelastic collision is equal to the 
energy of excitation or ionization of the atom. This energy is large com¬ 
pared with the energy which can be transferred in an elastic collision 
and therefore the energy loss of charged particles traversing an absorber 
is mainly due to the inelastic collisions. 

The rate of loss of energy can be worked out by evaluating the 
matrix elements and by averaging over the various collisions. A differ¬ 
ent method which corresponds much more closely to the classical treat¬ 
ment of the problem is due to Williams (1933 0 ^). In this method the 
collision between primary and atom is treated as a time-dei:)endent 
perturbation, the field of the primary particle sweeping over the atom 
being regarded as the perturbation. 

The probability of a transition being induced by the disturbing field 
of the passing particle is given by (93). The integration has to be 
carried out over the duration of the encounter. 


Collision with a hydrogen atom 

195. We consider the collision of an H-atom with a charged particle 
passing at a large distance a. If a is much larger than the dimension 
of the atom then it can be assumed that the disturbing field is constant 
at any instant over the region occupied by the atom. 
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The perturbation energy can thus be written as 

n(^) = (122) 

where x is the coordinate of the electron parallel to the field and F^ is the 
force defined in (45). With (122) and (93) we obtain for the transition 
probability 

2 I 2 = (l*i2lV^")| / dt\\ (123) 

whore x-^2 J* j 

are the wave functions representing ground state and excited state of 
the atom. 

If the time of collision is short compared with the time of oscillation, 

4oll <fil\W,-W 2 \, (123a) 

then the exponential in the time interval can be taken as constant and 
thus we have 

J r^^F^dt = P^i, (124) 

where P^i is the momentum transferred according to classical theory to 
one of the atomic electrons. 

The total energy transferred to the atom according to classical theory 

i® p'2 

= (125) 

We proceed to compare the energy loss obtained from classical theory 
with that obtained from quantum theory. 

The transition probability according to quantum theory can be 
written with the help of (123), 124), and (125) 

312 = ( 126 ) 

The average energy transferred is obtained by averaging over all types 
of transitions. We have 

w = Cl 5" 2 (^^^) 

k 

where the sum has to be extended over all stationary states of the atom 
including the continuum. It was shown by Bethe (1932) that 

w = c- 


And thus one finds 


(128) 
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Thus the average energy lost by a fast particle in collisions at large 
distances is given correctly by the classical theory; the actual amounts 
lost in individual collisions are, however, much larger than predicted by 
the classical theory. A fast particle passing an atom at a large distance 
will usually pass without interacting, while in rare cases a strong inter¬ 
action leading to excitation or ionization will take place. 

We note that the above derivation becomes invalid for slow collisions 
where (123 a) is not fulfilled. It can thus be shown that inelastic colli¬ 
sions with atoms at distances larger than (58) are improbable. 


3. Radiative Collisions 


The theory of radiative colhsions using Born’s method was given by 
Bethe and Heitler (1934), The radiative colhsions can also be treated 
by the impact parameter method (Williams (1933 a) and Weizsacker 
(1934)). In the following we sketch the latter method of approach. 

Treatment as two-body collision 

196, Charged particles involved in close collisions suffer sudden 
acceleration and thus emit electromagnetic radiation. According to the 
classical theory the rate of energy emitted is given by 

^ = (129) 

dt 3c^\dt^) 

Tor fast electrons these radiative collisions cause a much greater loss 
of energy for fast particles than the inelastic collisions. 

Energy loss in rest-system of colliding particle 

197. Consider an electron with velocity v c flying past a nucleus 
of charge Ze. We proceed to calculate in terms of the classical theory the 
radiation emitted by the electron. 

It is convenient to consider the collision in the rest-system of the 
electron and to transform eventually the results thus obtained from 
the rest-system of the electron to the rest-system of the nucleus. 

In the rest-system of the electron the nucleus is flying past the 
electron; the Coulomb field of the nucleus acting upon the electron is 
given by (45). 

The electron is accelerated and the rate of energy thus emitted is 
obtained from (129) and (45) on setting 

Z-^ = Z, m = (130) 


We find thus 


__ 2e^{ Ze^Ba 


(131) 
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The total energy emitted is obtained by integrating over the time of 
collision, 

/ j TTr^* / \ 3 

-~dt = \7T^\ (t;~c). (132) 

Transformation into rest-system of nucleus 

198. We have to transfonn the energy into the rest-system of the 
nucleus. 

In the rest-system of the electron the radiation is distributed as that 
of a radiating dipole. No radiation being emitted in the transverse 
direction, the maximum of the intensity is emitted in the plane per¬ 
pendicular to a. We assume, however, for simplicity that the radiation 
is distributed isotropically round the electron. 

Transforming into the rest-system of the nucleus we find from (27) 
that the total energy emitted in the system of the nucleus will be 

(133) 

The probability for a collision at a distance between a and a-\-da 
from the nucleus is ^Trada, and therefore the average energy loss per 
collision is obtained as 




W ^TTa da = — 




2 




(134) 


The rate of loss of energy thus diverges due to the contribution of the 
close collisions. 


Limitation of the method 

199, The divergency of the expression (134) can be shown to be caused 
by the breakdown of the classical theory for close collisions. The limita¬ 
tion of the classical theory can be best shown in the rest-system of the 
electron. 

The wave-packet representing the electron must be smaller than the 
width of the Coulomb field passing over the electron. The field has a 
width of the order of 2ajB and thus we have the condition 

2alB > Ax, (135) 

The uncertainty of the momentum of the electron must be small as 
compared with m^c. We have therefore 

(136) 

With the help of (88) we have thus the condition 

^ajB.m^c >> 2it% 

a > 13777^0^ == a^^. (137) 
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Introducing the above value for into (134:) we have 

(138) represents, however, a lower limit only, as collisions at distances 
less than though not accessible to classical treatment, still contri¬ 
bute to the energy loss. 

Treatment as scattering of light 
200. The collisions at distances less than aj^in treated 

classicahy as follows. 

The field of the fast-moving nucleus in the rest-system of the electron 
is almost identical with the field of an electromagnetic wave. The 
difference between the field of an electromagnetic wave and that of the 
moving nucleus is confined to discrepancies of the order of 1/-B; thus: 

1 . The field of the nucleus is almost exactly transverse. Because of 
the Lorentz contraction of the field the ratio of the longitudinal 
and transverse components is l/B. 

2 . The field moves almost with the velocity of light. The difference 
between v and c can he expressed as 



3. The electric field is accompanied by an induced magnetic field. 
The electric and magnetic components are perpendicular and they 
differ only by amounts of the order of 1 12B^. 

Equivalent spectrum 

201. The passing field can he resolved into Fourier components and 
therefore the collision can be considered as the scattering of the mono¬ 
chromatic components by the electron. 

The field strength JE(t) due to the passing nucleus consists of a short 
light pulse. The intensity in the spectral region v, dv is given by 

dl(y) ^ dvi j E{t)cosvt dt\ , (1^^) 

Considering small frequencies v, the cosine term can be regarded as a 
slowly varying function, and we have approximately 

J E{t)cosvtdt j E{t) dt. 

For frequencies large compared with the period of the collision the 
function E(t) can be taken to vary only slowly as compared with the 
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cosine term and thus the value of the integral is small. Schematically 
the spectrum (139) can be represented as follows: 


dl{v) 

dv 


= const. 


= 0 


for V < 


'coll 


for V > -—. 

^coll 


(140) 


202 . According to the classical theory the cross-section for the scat¬ 
tering of radiation of any frequency by a free electron is given by the 
Thomson formula 

^scattering ” 

The energy scattered by the electron can thus be worked out and after 
transformation into the rest-system of the nucleus the energy loss of the 
electron is obtained. The total rate of loss thus obtained is of course 
the same as that obtained in the previous treatment. 


Scattering of equivalent radiation field 

203. The scattering of light by free electrons has been treated by 

Klein and Nishina (1929) using Dirac’s relativistic quantum theory of 
the electron. It is found that the classical cross-section is valid only for 
small frequencies. For frequencies exceeding the scattering 

cross-section becomes much smaller than the Thomson cross-section. 

This breakdown of the classical theory can be understood in general 
terms. The interaction of light with an electron can be treated classically 
as long as the wavelength A of the light is large compared with the wave- 
packet representing the electron. Assuming that the uncertainty of the 
momentum of the electron is smaller than m^c, this gives 

Xm^c > 277 ^ 

and thus v = 

A 

204. Thus the large frequencies contribute comparatively little to 
tile total scattering. We can assume schematically that classical theory 
holds up to frequencies v^, but that no scattering takes place for higher 
frequencies. 

At distance a > (compare (137)) the time of collision is longer 

than 2/vg and thus the spectrum (140) does not contain frequencies 
above v^. Tor these collisions the classical treatment is justified. 

The limitation of the classical theory becomes important for smaller 
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distances. From (67) and (140) it is seen easily that for coUisions at 
distances a < only a fraction 

of the spectrum contains low frequencies and therefore the classical 
expression for energy transfer must be reduced by this factor. Thus 
excluding frequencies larger than we have to replace (133) by 


^ Bm^c^ {a > 


W’,= 




(141) 


Inserting the value for from (137) we can integrate over collisions 
at different distances and we obtain 


~ = N da ^Nilogia^Ja,)+ (142) 

where is the smallest distance for which the modified classical picture 
holds. As the wave-packet representing the particle is rather larger than 
Injm^c we may put 

= hlm^c = 

and thus with the help of (137) and (142) we obtain 




7T^ ■j.j Z^Tq 11 


Tf 


27Tm^o^ 


1 


(143) 


Effect of screening 

We have so far neglected the effect of screening due to the atomic 
electrons. For energies larger than 

Tf > = 7Tl37m^c2Z~* 

we find amin/TT = and thus for energies larger than many of the 
collisions take place outside the screen of the atomic electrons and are 
therefore ineffective. 

The shielding of the electrons can be taken care of in a rough way by 
assuming that collisions at distances less than are not affected by 
screening while collisions outside lead to no energy transfer at all. 

With these simplified assumptions we find 

- ^2\rg^»m,c21og(192^-i) ^|l37 = 192j. (144) 

205. The treatment of the collision radiation as given in the pre¬ 
ceding section is due to Williams (1934a) and to Weizsacker (1934). 
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Making use of the exact Klein-Nishina formula these authors also 
obtain expressions in good agreement with the results obtained by 
Bethe and Heitler from Born's method. 

Discussion of radiation formulae 

206. The following features of the radiation formulae should be 
noted. 

1. The rate of loss of energy is proportional to the energy of the 
primary. The range of energetic electrons therefore increases only 
slightly with increasing energy. 

2. The loss of energy for electrons is proportional to and therefore 
is proportional to 1/mf. It is seen therefore that the radiation loss for 
particles heavier than electrons is much smaller than the corresponding 
loss for electrons. 

3. The rate of loss is proportional to Z^. Therefore the radiation loss 
is much more important in heavy elements than in light elements. 

4. The collisions take place at large distances as compared with the 
nuclear radius and therefore no effects due to the finite size of the 
nucleus should be expected. This is true irrespective of the energy of 
the incident electrons. 

5. The possibility of a breakdown of the radiation formulae for high 
energies has been much discussed. It is seen, however, from the treat¬ 
ment of the collision in the rest-system of the electron that the theory 
of the radiative collisions is based on the scattering of quanta with 
energies less than c^. The high energies which appear in the system 
of the observer are only introduced later by the Lorentz transformation. 
It is therefore unlikely that the radiation formulae should become 
invalid even for very high energies. 

E. Meson Theory 

207. The meson theory was created by Yukawa (1935) (see also 
Yukawa and co-workers, 1937, 8) in an attempt to account for the forces 
acting between nucleons in atomic nuclei and to account for the 
j8-activity. Yukawa’s theory is an improved form of the theories of 
Heisenberg and Fermi. These older theories regard the nuclear forces 
as exchange forces due to the exchange of electron neutrino pairs. 
Yukawa postulated the existence of a new particle which is responsible 
for the short range forces. The /L6-meson discovered among cosmic rays 
seemed to have all the properties predicted by Yukawa and was prelimi¬ 
narily identified with Yukawa’s particle. At present it is thought more 
likely that the 77 -meson is Yukawa’s particle. 

3695.40 T 
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One of the outstanding problems of theoretical physics is to under¬ 
stand the significance of the distressingly increasing number of ‘elemen¬ 
tary’ particles and to account for their properties. (Compare, e.g. 
suggestions put forward by Klein (1948).) 

No fully satisfactory theory of the production of mesons in the cosmic 
ray has been found. Hamilton, Heitler, and Peng (1943), have worked 
out the cross-sections for the emission of mesons in collisions between 
fast nucleons and give a quahtatively correct picture of some features 
of cosmic rays, if the latter theory is taken to apply to 7 r-mesons rather 
than jL6-mesons. (See also Heitler and Janossy (1949a, 6).) 

In the following we give a brief account of meson theory. 

1. Yukawa^s Hypothesis 

208. The short range forces between nucleons can be accounted for 
according to Yukawa (1935) by assuming that the nucleons are sources 
of a field somewhat similar to the electromagnetic field, called the 
‘meson field’. The nucleons have to be assumed to carry a ‘meson 
charge’ which gives rise to the field. Meson charge and meson field are 
analogous to quantities appearing in the electromagnetic theory. 

To account for the strong spin dependence of the nuclear forces it is 
assumed that the meson charge consists of two parts. 

1. A scalar meson charge, analogous to the ordinary electric charge. 

2. A dipole charge having the direction of the spin of the nucleon and 
corresponding to magnetic dipole moment in the electromagnetic 
theory. 

2. The Meson Field 

{a) General Properties 

The static field 

209. A static electric field can be derived from a potential which 
obeys the Laplace-Poisson equation 

V2(l) = — 47rp. (145) 

The field of a point charge is obtained by assuming p = S(r), where S(r) 
is the three-dimensional Dirac function. The corresponding solution of 
(145) is the Coulomb potential 

O = ejr. 

The meson field is supposed to be derived from a meson potential 
obeymg the following equation in free space: 

t A bar ( ) will be used to signify quantities referring to the meson field. 
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where 1/f has the dimension of a length. The solution of (146) corre¬ 
sponding to the field of a point charge is found as 

^ = (l/r)exp(—Ir). (147) 

It is seen that the meson potential decreases exponentially with dis¬ 
tance. The forces due to the meson field are therefore short range forces 
with a range of the order of 1 /t The forces between nucleons are known 
to have ranges of the order of Tq == and therefore in order to 

account for the nuclear forces in terms of the meson field it is necessary 

to assume 2 / 2 

Ijt (148) 

Meson waves 

210. Electromagnetic waves in free space obey the following wave 
equation: 


V*A-1§ = 0 . 


(149) 


One form of the wave equation of the meson field can be written as 


V^X-i ^ = PX, 


(150) 


where 5 is the vector potential of the meson field. The meson field 
strength E and H can be derived from the potentials ^ and S by the 
equations analogous to (15), which are valid for the electromagnetic case. 

The general solution of (149) can be represented as a superposition 
of plane waves. Similarly the solution of the meson wave equation can 
be taken as a superposition of plane waves. To obtain a plane wave 
travelling in the rr-direction we look for a solution dey)ending only on x 
and t. Further we restrict ourselves to monochromatic waves with 
frequency v and assume 

^{x,t) = ^^{x)QX^{—ivt), (151) 


Introducing (151) into (150) we find the following equation for the 


amplitude ^q{x)\ 






(152) 


and therefore the plane wave solution can be written as follows: 


t) — const. X exp i 



(153) 
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211. The solution (153) representing a plane wave of the meson field 
differs appreciably from a plane wave in the electromagnetic field. The 
main differences are as follows: 

1. We state without proof that the meson wave, when expressed 
in terms of the field strength, has both longitudinal and transverse 
components. The longitudinal component is proportional to f and 
disappears in the hmiting case of I 0. 

2. The phase velocity of meson waves is larger than c. We find 
from (153) 

-y ~ ^ ^ (154) 

The meson 

212. According to quantum theory the electromagnetic field can be 
resolved into quanta with energy 

W = Kv 

and momentum 

P == a IK = wavelength/27T). 

The corresponding treatment of the meson field leads to the following 
expressions: 

-A (156) 



where W and P are the energy and momentum of the quantum asso¬ 
ciated with the meson field. The velocity of the quantum is obtained 
from (12) as 



this velocity represents also the group velocity of a meson wave-packet. 
From the relation (6) we have 

= •s/( Pyc^) = (156) 

C 

where is the mass of the quantum. The quanta of the meson field 
are assumed to be the mesons and thus is the meson mass. 
Comparing (156) and (148) we find 

Kc 

= —m, == 137m,. (157) 

The above estimation refers to the order of magnitude only. A more 
detailed treatment leads to a somewhat larger value of m^. 
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The observed value of the 7r-meson mass (see App. Ill) is about 

m„ = 280 mg, 

in agreement with the prediction of the theory. There are, however, 
some indications for a meson of mass fx' ~ IGOOm^ (Leprinoe-Ringuet 
and Lheritier (1944), Rochester and Butler (1947), Powell (1948)). 

(6) Nuclear Forces 

Electric charge of the meson 

213. Yukawa (1935) postulated that the mesons carry unit electric 
charges, either positive or negative. 

The electric charge carried by the mesons can be expressed in terms 
of the meson field. Expressions have been given which represent the 
electric charge density and the electric current density associated with 
a meson field. 

In analogy with the emission and absorption of electromagnetic radia¬ 
tion by an electric charge it must be assumed that nucleons are capable 
of emitting or absorbing mesons. To safeguard the conservation of 
charge it must be assumed that a proton can only emit a positive meson, 
changing thereby into a neutron, and that a neutron can only emit a 
negative meson, changing after emission into a proton. 

Processes in which a proton emits a meson which is absorbed by 
another neutron give rise to exchange forces between the nucleons very 
similar to the exchange forces between atoms due to the exchange of 
electrons. It is believed that the internuclear forces are due to meson 
exchange. 

Neutretto 

214. Exchange forces as described in the preceding paragraph are 
expected to act only between unlike nucleons. Two protons or two 
neutrons are clearly incapable of the exchange of a charged meson. It 
was shown by Frdhlich, Heitler, and Kemmer (1938) that forces between 
like particles arise due to higher-order exchanges in which two mesons 
are exchanged simultaneously. An essentially different approach is to 
postulate the existence of neutral mesons or 'neutrettos’ (Arley and 
Heitler (1938)). 

Kemmer (1938 6) has given a formulation of the meson theory in 
which positive, negative, and neutral mesons are introduced and which 
leads to exchange forces between nucleons independent of their electric 
charge. 
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215. Kemmer’s (19386) formulation is made attractive by its 
great simplicity. It must be pointed out, however, that there is no 
experimental evidence available to indicate the occurrence of neutral 
mesons.t On the other hand no experimental evidence against the 
occurrence of neutral mesons has been brought forward. 

The spin of the meson 

216. It was shown by Kemmer (1938 a) that there are four different 
possibilities for the formulation of the equations of the meson field. 

In its simplest form the meson field has only a scalar potential obeying 
the first equation of (150). The 'meson field strength’ is then defined by 

F = -grad^, (1^8) 

ot 

It is readily seen that plane waves in this case are longitudinal and 
therefore the waves show no polarization. This case corresponds to 
mesons with spin zero. 

The meson field originally suggested by Yukawa (1935) was actually 
the scalar field. The scalar field leads, however, to a wrong spin depen¬ 
dence of the nuclear forces: Assuming the scalar field, the force between 
a proton and a neutron is obtained to be attractive in the ^/S-state and 
repulsive in the ^/S-state. The deuteron is found experimentally to have 
a spin 1 and therefore the ground-state of the deuteron must be in first 
approximation a ^/S-state, in contradiction to the prediction of the 
scalar theory. 

A better agreement with observation is obtained when the meson field 
of the vector type is assumed (Frohlich, Heitler, and Kemmer (1938)). 
The vector field is that described in § 210. The state of polarization of 
the field is connected with the spin of the meson; the vector meson with 
three states of polarization has spin 1. 

217. The actual value of the meson spin, though not known at 
present, should be accessible to experiment. The cross-section for the 
production of high-energy electron secondaries by fast mesons travers¬ 
ing matter depends strongly on the value of the spin of the meson. The 
spin of the meson could in principle be deduced from the number of 
high-energy secondaries produced by the meson component. The exj:)eri- 
mental evidence derived from cosmic-ray data will be discussed in 

t Certain experiments are often quoted in the literature as evidence for the exis¬ 
tence of neutral mesons. It will be shown in §§ 286, 294 that these results are quite 
inconclusive. 
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Chapter VI. The interpretation of results is rendered difficult as 
the relative contributions of tt- and ja-mesons at high energies are not 
known. 

218. Apart from the two types of field discussed in § 216 two more 
possibilities giving rise to fields with similar properties can be envisaged. 
These fields may be denoted in accordance with their covariance 
properties as ‘pseudo-scalar field’ and ‘pseudo-vector field’. 

(c) ^-Decay 

Instability of the meson 

219. Yukawa tried to account in his theory for both the nuclear 
forces and jS-activity. He assumed that the meson is unstable with a 
half-life of about 0-25x10"® sec. and assumed that it decays into 
an electron and a neutrino. It was pointed out subsequently by 
Nordheim (1939 a-) that the life of the meson must be assumed to be 
shorter, namely about 10"® sec., so as to account for the j8-decay of 
nuclei. 

When the /x-meson was discovered among cosmic rays it seemed 
natural to identify it with Yukawa’s particle. Furthermore, it was 
found that the /x-meson is unstable, giving rise to an electron in its 
decay, and this seemed further to support Yukawa’s theory, particularly 
its connexion with ^-decay. 

However, the observed half-life of the fx-meson is = 2-1 x 10"® sec. 
(see § 345 Chap. V) and it was realized that this time is too long to be 
compatible with the requirements of Yukawa’s theory. 

Suggestions were made to bridge the difficulty. Nordheim (1939 a) 
discussed the possibility that the /x-meson decay may be forbidden in 
the first approximation and may be more rapid inside a nucleus than 
in free space. 

Theory of Moller and Rosenfeld 

220. Moller and Rosenfeld (1940) were the first to consider the possi¬ 
bility that jS-decay might after all not be connected with the com¬ 
paratively long-lived /x-meson. 

These authors assume the existence of two different types of mesons: 
a meson of spin 0 (which they tentatively identified with the /x-meson; 
the only meson known at the time) and secondly a (vector) meson of 
spin 1 which was supposed to have a half-life of 10"® sec. and to be 
responsible for the j8-decay. 
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While M 0 ller and Rosenfeld assumed the two mesons of equal mass 
a more general theory was put forward by Schwinger (1942) assuming 
two mesons of different mass, 

221. Asa result of the discovery of the 7 r-meson (and possibly heavier 
mesons) these theories have to be regarded in a different perspective. 
It is now clear that the /x-meson is not connected with nuclear forces 
and therefore it cannot be connected with j8-activity either. 

The theory of ^-activity is quite obscure at the moment but the 
following possibilities may be stated. The 7 r-meson may possibly have 
a probabihty of decaying into an electron and neutrino. Though there 
is no experimental evidence to support the assumption of such a decay, 
there is no objection to assuming such a process provided its half-life is 
taken to exceed noticeably 10~® sec., the period of the 7 T-/x-decay. 

Alternatively it is possible that the j8-decay is a property of nucleons 
and does not take place through the medium of mesons. In this latter 
case there would be no direct connexion between jS-decay and nuclear 
forces. 

222. On account of the conservation of momentum a free particle 
can just break up into two components. It was generally believed that 
the /x-meson decayed into one electron and a neutrino. Recent evidence 
makes the assumption of a decay into three particles, e.g. one electron 
and two neutrinos, likely (Steinberger (1948); Leighton, Anderson, and 
Aaron (1949); C. F. Powell and co-workers (1949)). 

223. The following interesting order of magnitude relation between 
the observed half-Hfe of the jit-meson and other universal constants was 
observed by Blackett (1939). 

One finds c/q = (159) 

where Rq = and w = is the ‘gravitational charge’ of the 

meson. G is the gravitational constant. 

The relation (159) is only qualitatively correct. As the order of magni¬ 
tude of /q cannot be expressed simply in terms of universal constants 
without the gravitational constant the above relation can be taken as 
evidence for a connexion between meson decay and gravitation. 

3. Observational Evidence for the Meson Theory 
{a) The Deuteron 

224. A crucial test of any formulation of the meson theory is whether 
the formulation leads to correct predictions of the properties of the 
deuteron. 
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The following relevant facts about the deuteron are known experi¬ 
mentally; 

1. The ground state of the deuteron is a triplet state, probably 

2. Scattering experiments indicate the existence of a ^>Sf-state with 
roughly half the potential energy of the ground state. 

3. According to the observations of Kellogg, Rabi, Ramsey, and 
Zacharias (1940) the deuteron possesses a quadripole moment. The 
moment is parallel to the spin and its magnitude is § = 2-73 x 

cm.2 Thus the nucleus behaves as a prolate spheroid 
spinning about its major axis. 

225. Each of the four possible meson fields described in the previous 
section contains two arbitrary parameters / and g corresponding to the 
meson charge and the meson magnetic moment of the nucleons. 

It was found by Frohlich, Heitler, and Kemmer (1938) that the 
requirements (1) and (2) can both be fulfilled by a suitable choice of the 
constants / and g provided the vector meson field is used. 

However, the vector meson field gives rise to a dipole interaction 
between the nucleons leading to a force proportional to 1/r^. It is well 
known that stationary states cannot exist for such a high singularity 
and therefore no reliance can be based upon this treatment. 

226. Bethe (1940) has investigated how far it is possible to eliminate 
the singularity by a ‘cutting-off’ process. It was found that it would 
be necessary to cut out the meson field up to distances of the same order 
as the radius of the deuteron to make the cutting off effective. This 
procedure appears quite unsatisfactory. 

If only neutral mesons are assumed then a more satisfactory ‘cutting- 
off’ radius can be obtained. But as observations give evidence only for 
charged mesons, it appears unsatisfactory to formulate a theory of the 
nuclear forces based on neutral mesons only. 

227. A way of eliminating the singularities was proposed by Moller 
and Rosenfeld (1940). It was shown that by choosing a suitable super¬ 
position of two meson fields it was possible to obtain an interaction free 
from dipole singularities. 

In particular, by choosing the superposition of the pseudo-scalar 
field with the vector-meson field it was possible to obtain a force 
between nucleons free from the dipole term and which at the same 
time satisfied all the three requirements given above regarding the 
deuteron. 

228. According to this formulation of the meson theory the mesons 
have to be regarded as a mixture of two types, namely ‘pseudo-scalar’ 
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mesons and 'vector’ mesons. The former have spin zero while the latter 
have spin one. It is further suggested that the 'pseudo-scalar mesons’ 
are the ordinary mesops observed in the penetrating component of 
cosmic rays while the vector mesons are supposed to have a mean life 
of only about 10“® sec. and these mesons are supposed to be mainly 
responsible for the radioactive j8-decay. 

The theory of Holier and Rosenfeld (1940) represented for some time 
the most satisfactory formulation of the meson theory. The situation 
has become more complicated recently: more experimental evidence 
has been brought forward and more theoretical work has been carried 
out. In particular experimental results on the scattering of nucleons by 
nucleons have become important. 

A review of the rather uncertain state of the theory has been given 
by Rosenfeld (1948) in his Solvay report. While it still appears neces¬ 
sary to assume the existence of at least two different types of nuclear 
force meson it does not seem likely that the dipole singularity of the 
field can be removed even to a first approximation by superposing 
the fields. 

(b) Collisions 

Scattering 

229. The simplest collision process involving mesons is the scat¬ 
tering of mesons by nucleons. This process is analogous to the 
scattering of light by an electric charge, and therefore the classical 
treatment of the problem of scattering of meson waves necessarily 
leads to a scattering cross-section analogous to the Thomson cross- 
section for light. 

The scattering cross-section obtained from the classical treatment is 
according to Bhabha (1938 6) (writing for the meson mass) 



where / is the meson charge of the scattering nucleon. We note that 
the cross-section contains the meson mass and not the nucleon mass M. 
The reason for this can be understood by comparing the process of the 
scattering of meson waves with that of the scattering of electromagnetic 
waves in more detail. 

A light wave falling on an electric charge makes the charge vibrate 
with an amplitude inversely proportional to the mass of the charge, 
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resulting in emission of light by the vibrating charge inversely propor¬ 
tional to the square of the mass. 

A meson wave falling on a nucleon produces two effects: (1) the 
nucleon as a whole vibrates with an amplitude inversely proportional 
to M] (2) the wave induces transitions between proton and neutron 
states accompanied by the emission and reabsorption of a meson. This 
second process may be compared with the polarization of the nucleon 
by the meson wave. The inertia in this process arises from the mass 
of the virtual meson and thus the cross-section is proportional to 
l/ju^. The second process is, of course, far more important than the 
first. 

230. The cross-section (160) is of the same order as that obtained 
from the quantal treatment for low-energy mesons. According to this 
treatment the cross-section for scattering increases rapidly with the 
incident energy. The cross-section (160) is, however, clearly incom¬ 
patible with observation. 

We may write instead of (160) 


fhc] \[JLc) 


(161) 


P/fic is a number which plays a role in meson theory comparable with 
Sommerfeld’s fine structure constant e^/hc for the electromagnetic field. 
It is estimated that/^^c is of the order of unity. The cross-section (161) 
is therefore according to (148), (156) of the order of 


^ ~ 10“^^ cm.^ (16^) 


231. Because of the short range of the meson force most collisions 
should result in large-angle collisions. Thus the mean free path of a 
meson before being scattered through a large angle should be, according 
to (162), 

^ 20 gram/o»i.2 (163) 


Although this cross-section applies to 7r-mesons, and not to /x-inosons 
as supposed originally, it seems to be unreasonably large. 

232. Various other collision processes have been treated by Born’s 
approximation. Most of these cross-sections are too large to bo 
compatible with observation; we have collected in Table I a few 
results. 
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Table 1 


Cross-sections for processes involving mesons 
calculated without radiation damping 


Process 

Gross-section 

Author 

Scattering of meson by nu¬ 
cleon 

^scattering cm.® 

Heitler (1938), Bhabha 
(1938 6), A. H. Wilson 
(1940), Ma (1942), and 
others. 

Scattering of a photon by a 
meson. 

Stt 1 e^\hv 

18 \pjcV fjjc^ 

Smowolinsky (1940). 

Absorption of meson emitting 
a photon, or emission of 
meson by photon: 

hv-^-N P-f 

cm.2 for primary 
energy /ic®, decreasing 
with primary energy. 

Massey and Corben (1939 
a, h). 

Emission of meson pair by 
photon.f 

J 149 he \/xc^/ 

0 

Booth and Wilson (1940). 

Emission of photonf by meson. 

hv 

J 9 V/ioV /xc» 

0 

1 See §§ 240, 241. 

Booth and Wilson (1940). 

Scattering of meson by Cou¬ 
lomb field. ' 

Production of secondary elec¬ 
tron by meson. 



■f In Coulomb field of nucleus. 


Besides, the cross-sections thus obtained are increasing with energy; 
this is also difficult to reconcile with observational evidence. 

It is thus seen that the meson theory in its simple formulation leads 
to results incompatible with observation. 

An attempt was made (Heitler and Ma (1940), Bhabha (1940 b, 1)) to 
overcome the difficulties of the meson theory by postulating that proton 
and neutron are the lowest states of energy of the nucleon and assuming 
the existence of higher excite# states corresponding to charges — e, 2e,... 
and to spin values |,.... 

This theory leads to the strong coupling theory \ it gives smaller cross- 
sections for some of the collisions, but it has been largely abandoned 
because of its great internal difficulties. 

233. The difficulties have been removed in a different way. It was 
pointed out by Bhabha (1940 a) that the radiation damping in the 
classical meson theory plays an important part. Radiation damping 
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was introduced into the quantal treatment of the meson field by 
Heitler (1941) and by A. H. Wilson (1941). 

The treatment of the radiation damping is rendered difficult because 
diverging terms appear in the theory. A method was suggested accord¬ 
ing to which the diverging terms can be neglected in an unambiguous 
way. 

234. The various cross-sections obtained by the treatment including 
radiation damping have reasonable values. A very satisfactory feature 
of the cross-sections thus obtained is that they decrease for large 
energies with increasing energy. 

Some of the cross-sections thus obtained are given in the following 
table: 

Table 2 


Cross’sections involving mesons calculated 
with radiation damping 


Process 

Cross-section 

Author 

Scattering by nucleon. 

(ny p 
\tic) g^-\-SfAw) 

Wilson (1941), Heitler and 
Peng (1942). 


assuming charged me¬ 
sons only. 






assuming the symmetri¬ 
cal theory including 
neutrettos (§ 174). 


Emission of a (pseudo-scalar) 
meson by light quanta. 

^2 7r^ef'^/nyUc^Y 
f \fxc) \w 1 * 

Hamilton and Peng (1944). 


All cross-sections for w ^ 

Low-energy interaction is discussed by Hamilton and Peng (1944), Heitler and Peng 
(1944). 


Emission of mesons by nucleons 

235. The collision between two nucleons can be treated by analogy 
with the radiative collisions between two electrically charged particles. 

'Consider a fast nucleon flying past a stationary nucleon. The meson 
field of the fast nucleon is comparable with the field of meson waves. 
In particular the meson field can be resolved into Fourier components, 
each component corresponding to a monochromatic meson beam. Thus 
the field of the nucleus can be represented by an equivalent meson 
spectrum. 

The meson waves passing over the stationary nucleus are scattered 
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and the scattered waves appear to the observer as mesons emitted in 
the collision. 

236. The emission of mesons in collisions between fast nucleons was 
treated in the above way by Heitler and Peng (1944), Heitler (1945). 

The results obtained were shown to agree reasonably with experiments 
(Hamilton, Heitler, and Peng (1943), Heitler and Walsh (1945), Janossy 
(1943)). This problem will be discussed in Chapter IX. 

F. Summary of Theoretical Expressions 
1. Elastic and Inelastic Collisions 


(a) Charged Particles 

Energy loss 

237. Charged jparticles lose energy due to inelastic collisions. Most 
of this energy is spent in ionizing atoms. Some energy is also lost by 
exciting atoms. 

The rate of energy loss is given by the Bloch (1933) formula for a 
particle of charge ze^ mass m. We have for electrons 

dd 


(v/c)2 \ ® PZ^ ' 

T(a:) = 0-577+loga:+... = real part of {ix)\, 
N = number of atoms per gram. 


% = 




))■ 


(164) 


I = 13*5 eV., 

Wmax = maximum transferable energy. 


238. For fairly fast particles we shall use sometimes the following 
approximation (compare Rossi and Greisen (1941)): 

dW _ 
dd (v/c)^’ 

with /, 


(165) 


= 0-163|x 
A 


20-24-3 log—2log Zj (electrons) 
20-54-4log-^-21ogz| (protons, mesons).! 


(166) 




m^c 

Unit: MEV. per (gram/cm.^). 

Neglecting the terms \og{pjm^c),^ can be regarded as constant; intro¬ 
ducing 1 

Wj, = mc2( JS—1) and {vjcf = 1 —— 


( 167 ) 
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eq. (166) can be integrated. We find for the range of a particle ■with 



01 23456789 10 11 

Fia. 30 a. Range of mesons or protons in air, iron, and lead. (From Rossi and 
Greisen, Rev. Mod. Phys. 13, Fig. 3.) 


The following two approximations are useful: 
(1) non-relativistic case 


mi) 


- fL. 




(2) extreme relativistic case 


(169) 


(170) 


The exact range momentum relation is reproduced in Figs. 30 a, 6, c for 
air, iron, and lead. The graphs are taken from Rossi and Greisen (1941). 






Fig. 30 b. Range of low -energy mesons in air (Livingstone and Bethe), 
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0-1 1-0 10 100 
Fig, 30 c. Collision loss of mesons in air, iron, and lead. 

(Rossi and Greisen, Fig. 2.) 


Rate of ionization 

239. The rate of ionization of charged particles is nearly proportional 
to the rate of energy loss due to inelastic collisions. The average amount 
of energy expended per ion is 32 volts. Thus the rate of ionization can 
be taken roughly as , . 

The rate of primary ionization is according to Bethe (1933) given by 


j _ 27riVZ^>o a 
^ ~ A{vlcf To 


, 2m, 

log—- 




(172) 


where a and b depend on the absorbing material and Iq is the excitation 
potential of the outer shell. For hydrogen an exact treatment is possible 
and one has 

/o = 13*5 eV., a = 0*285, b == 3*04. (173) 

Production of secondaries 

240. The cross-section for the production of a secondary electron 
with an energy in the interval w', dw' by a primary of energy w is given 
approximately by o 7 , 

X{w,w') dw' = 27rd>o/^ (174) 

(vjc)- 


3595-40 


K 
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The equation (174) is not valid for secondaries of the order of the 
ionization potentials of the atoms; it is also invalid for secondaries with 
energies near the energy of the primary. 

For close collisions where the amount of energy transferred is compar¬ 
able with the primary energy it is important to consider spin interaction 
and also interaction of the magnetic moments of the colliding particles. 

The cross-section for the production of secondaries by an electron is 
obtained as (MoUer (1932))—kinetic energy:— 

m c^dw'jc. (176) 

(v/cnw'j,{w-w'} 

The cross-section for the production of secondaries by positive electrons 
is given by (Bhabha, 1938 a) 


1 

- m.c^dw'j,. 




1«.2^ + 3P -2 


WkY\m^c^dui 


The cross-section for the production of secondaries by mesons depends 
on the assumptions regarding spin and magnetic moment. In the follow¬ 
ing we give the cross-sections computed for various assumptions. 

Neglecting mjfi against unity one finds for meson spin 0, magnetic 
moment 0 (Bhabha, 1938 a) 

X{w, w') dw = —; - . 1 -- ; (177) 


spin magnetic moment efil2fjLC (Massey and Corben, 19396; Bhabha, 




spin 1, magnetic moment ehj2fjLC (Massey and Corben, 1939 6; Oppen- 
heimer, Snyder, and Serber, 1940) 

_ 277^0 m^^'\j w'k \L , lWft\ , , 1<.\] ,,„qv 


^2 

W’fc V 


'^k max/ 


-i. i 4-1 ?^i7l 4-1 


w. = ~ 2x 10* MEV. 

Scattering 

241. The differential cross-section for a particle of momentum p to be 
scattered through an angle z? > ^j^in ^ nucleus of charge Ze is given as 
follows: 

Particle of spin 0 (Williams, 1939 c): 


x{&)dQ== 


Z^OQ{m^c)^ dQ. 
4p^{vlc)^ sin's'll?’ 


(180) 
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Particle spin \1i (Mott, 1929) 

t)* . »i<,\ (j !£2 

“ 4p2(v/c)a ( 

Particle spin fi (Massey and Corben, 1939) 

_ Z^o(m,c)^ L 1 ^ Qoo] 

4p^(vlc)^ \ jsin^^d'* 

For small deflexions these cross-sections reduce to (180). 

242. The cross-sections are calculated for scattering by a point 
nucleus. If both screening and the finite size of the nucleus is taken into 
account then for small angles the cross-section (180) has to be replaced 
by (Williams (1939 c)) 

^ PHvIc)^ ^ ^ 


1 an., 3 


& = 
^max 


241m^c 


It is seen that scattering through angles & > i9‘j^ax is very rare. 

The cross-sections for the large-angle scattering of mesons due to 
short-range interaction is given in § 234. 

It is seen that the number of secondaries with energies comparable 
to the primary energy depends strongly on the value of the meson spin. 
Such high-energy secondaries are found to be much more frequent for 
spin h than for spin or zero. 

243. The mean-square angle of scattering for fast electrons or mesons 
in an absorber 3 cm. thick is given by 

<^> ^ 8^ ^^«^";f log(1812-»). (186) 

The mean-square linear displacement after traversing an absorber of 
thickness 3 is given by 


(b) Absorption of Photons 

244. Low-energy photons are mainly absorbed by the photo-electric 
effect. The cross-section for this effect is given by 

/"32V27t„ 5- ^ ox 


== 


137* w 


(w > m^c^). 
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The photo-electric effect is, however, mumportant for cosmic-ray pho¬ 
tons. More important is the scattering of photons by electrons. The 
cross-section for scattering is given by the Klein-Nishina (1929) formula. 



Fig. 31. Klein-Nishina cross-section. 


The total scattering cross-section is given by (Klein and Nishina, 
1929) 


I r L 


2 y(i+y) 

l + 2y 




+ ^log 

J 2 y 


(l + 2y)- 


l+3y ] 

(l+2y)T 


For low energies this cross-section tends to the limit of the classical 
Thomson cross-section, namely 




2w , 26 / w Y 

m • K \/yn 




For high energies we have in good approximation 
_ ^ ^ 2to , 1\ 

Okn - ^*^ 0 — log—, + 2 


{w ^ WlgC®). 


(190) 
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We note that for high energies the Klein-Nishina cross-section is much 
smaller than the corresponding classical cross-section. In Fig, 31 we 
have plotted <I>kn function of y. We have also plotted as broken lines 
the approximations (189) and (190). 

2. Radiative collisions 

Electrons 

245. Fast electrons lose energy due to the emission of light quanta. 
The rate of loss is different for high and low energies because of the 
effects of the screening of the nuclear field by atomic electrons. 



Fio, 32. Fractional energy loss of radiation for oloctrons per 
radiation length for air and lead. (Rossi and Greisen, Kig. 9.) 


The rate of loss is given as follows (Bethe and Heitler (1934)) 
—^ J dw' 


137 



2w 

loor 


o 

mg 

12/ 


logl832-i + l| 


(screening neglected), 

(complete screening, 
i.e. w ^ 


(191) 


The rate of loss of electrons in lead and air calculated from the combined 
effects of ionization and collision radiation is given in Fig. 32. 
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It should be remembered that the loss due to collision radiation takes 
place in large but infrequent steps. The actual loss is therefore subject 
to large fluctuations. 



Fig. 33. Differential radiation probability per radiation length of air for electrons of 
various energies. (The numbers attached to the curves indicate the energy of the 
electrons in MEV.) (Rossi and Greisen, Fig. 6.) 


The cross-section for an electron of energy w to emit a photon with 
energy in the interval between w' and w'-\-dw' is as follows: 

«>') = ^ 0 ') log 1 8ZZ-K 


with I 


01ogl832^-i = (12—l-761ogio^)2;2.10-27 cm.^, 

iV<Dlogl832-i = :^(0-72-0-106 login 2). 10-2 cm.2/g. 

JL 

('0-021 (H), 

“=913^83^*= (0), (193) 

l0-030 (Pb). 


t Compare Fig. 33. 
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The value of §>{w, w') is valid for complete screening, i.e. if 

> 137Z-(. (194) 

The form of w') in the case of partial screening may be obtained 
from the original paper of Bethe and Heitler (1934). 

^ pair/$ 

10 
•9 
■8 

•7 
•6 
■5 
■4 
•S 
•2 
•1 


Fig. 34. Difforontial probability of pair production per cascade unit of air for photons 
of various enorgios. (’'.fho nuinbors attached indicate the energy of the primary photons 
in MEV.) (Rossi and Greisen, Fig. 10.) 

Photons 

246. High-energy photons are largely absorbed by production of 
electron pairs. The cross-section of a photon producing a pair containing 
one electron with energy in the interval w\ dw' is given by (compare also 
Fig. 34) _ ^ ' 

<l>paip(w, w') dw' = w)-^log 183Z“^. 



( 195 ) 
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The total cross-section for the production of a pair by a photon of energy 
w is as follows: 


iU 


2w 

109' 




glog 


(no screening) 

(complete screening; 
w > 

(196) 

Mesons 

247. The energy loss of fast mesons is mainly due to ionization. The 
rate of loss is given by the Bloch (1933) formula (compare E. J. Williams, 
1938). 

A beam of mesons is also diminished due to spontaneous decay. This 
process will be dealt with in Chapter V, 

Radiative loss of mesons has a small probability only, as such a loss 
is inversely proportional to the square of the rest-mass. The radiation 
cross-section for mesons is therefore expected to be times that 

for electrons given in (191). 

According to the meson theory without radiation damping the radia¬ 
tion cross-section increases with primary energy. Booth and Wilson 
(1940) find 

+ ( 19 ’) 


w 


W"- 


12 lBl\fjLC^) fic^\ 

Taking, however, radiation damping into account the cross-section 
decreases with energy; compare Hamilton and Peng (1944). 


Protons 

248. Radiative loss is for protons even smaller than that for mesons. 
The energy loss of protons is therefore mainly due to ionization as far 
as electromagnetic forces are concerned. 

According to the meson theory both protons and neutrons lose energy 
in collisions resulting in the emission of mesons. For fast nucleons the 
loss due to this process is believed to be much larger than that due to 
ionization loss. 


G. Absorption Functions 
1. Straggling of Energy Loss 

The range of a particle is given by the average absorber thickness in 
which the particle is brought to rest. A mono-energetic beam of particles 
is, however, not stopped sharply at a given thickness of absorber. Due 
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to fluctuation of energy loss the actual ranges of the individual particles 
are distributed round the average value. 


Catastrophic Absorption 

249 . If the absorption of a beam is due to collisions, each of which 
removes one primary particle completely, we speak of catastrophic 
absorption. An example of this kind of process is the absorption of 
photons by pair production. Assume the cross-section for a catastrophic 
collision to be T and the number of centres per gram of absorber to be 
L. The probability of a collision along a path dd is then dd (d is the 
path expressed in grams per cm.^) and the change of intensity dc along 

dc= -{cLY)de, (198) 

whence c = Coexp(—a0), a = LT. 

The absorption is exponential. We call the reciprocal absorption coeiii- 
cient 1/a the mean range. 

250 . It is interesting to consider cases where the primaries are 
removed by a fixed number of collisions. Putting again a == LW we find 
that the average number of collisions a primary suffers in a path h would 
be a0, if the primaries could survive any number of collisions. The 
probability that a primary suffers exactly n—1 collisions when tra¬ 
versing d is, according to Appendix I, 

And the probability that the primary suffers its nth collision in the 
interval 6, is therefore 


exp( — ad) ^. a dd. 


( 200 ) 


(?^-l)! 

If primaries are removed by the nth collision, then the rate of prima¬ 


ries removed at h is 


0 

a-c(e) = Co J ®xp(—(201) 


where Cq is the rate of incident particles. 
We find for n = 2 


c{d) “ Co(l + a0)exp(—a0). (202) 

Similar expressions are found for higher values of n. The cases n = 1, 
5, 10, and 20, are shown in Fig. 35. It is seen that with increasing n the 
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absorption function approaches a step function. For very large values 
of n the particles have an almost sharp range 

m = ?^/a. (203) 

That c{h) approaches a step function can also be seen from (201). 
According to Appendix I the integrand of the right-hand expression 



Fig. 35. Absorption functions. 


(201) can be approximated by a Gaussian distribution having a sharp 
maximum near 6 = Ti/a. The width of the Gaussian distribution is of 

the order of 5 ^ _ 

2Si? can therefore be regarded as the mean straggling. 


Range Absorption 

251. Primaries are absorbed according to range if the number of 
collisions required to stop a primary is large, so that the straggling can 
be neglected. Range absorption is expected, e.g. for particles losing 
energy mainly by ionization, as the ionization loss is built up of a large 
number of very small losses. A certain amount of fluctuation is, how¬ 
ever, expected due to occasional large losses. A detailed investigation 
shows, however, that the straggling of the range of ionizing particles 
which results from the occasional emission of energetic secondaries is 
small (Landau (1944)). 


2. The Gross Transjormation 

252. The absorption functions dealt with so far were all derived for 
a parallel beam of rays. Such absorption functions can be applied, for 
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instance, if the intensity of the radiation is measured with a vertical 
coincidence arrangement under varying thickness of absorber. 

Cosmic-ray intensity is, however, often measured by means of an 
ionization chamber. An ionization chamber is equally sensitive for rays 
coming from any direction and therefore we measure with the ionization 
chamber the radiation intensity integrated over all directions of inci¬ 
dence. 

The problem arises as to the relation of the intensities measured by 
an ionization chamber and by a vertical coincidence arrangement. 

This problem was solved by Gross (1933) (compare also Williams, 
1933 6) for cases where the following assumptions hold: 

(1) It is assumed that the radiation incident on the top of the 
atmosphere is distributed isotropically; 

(2) that the primary particles traverse the atmosphere without being 
appreciably scattered, or if the primaries produce secondaries 
these continue in the direction of the primary; 

(3) that the intensity c(r) at any depth below the top of the atmo¬ 
sphere is a function of the mass which the particles had to 
traverse when travelling in the direction r. 

253. Consider a point A below the top of the atmosphere so that the 
mass equivalent of the atmosphere above A is 0 gram per cm.^ Denote 
the vertical intensity at A by c(0,d). The intensity in a direction 
inclined by t? towards the vertical is, according to the assumptions 

(1H3), 

ci&jO) = c(0,6/gos&), (205) 

We find therefore for the total intensity C{6), 

in 

C{6) = 27t J c(0,9lcosd')sind'dd', (206) 

0 

Introducing as a new variables = ^/cosi? under the integral one obtains, 
after dividing by d and differentiating with regard to 0, 

e(0,9) - (207) 

Equation (207) is the Gross transformation; it is very useful for the 
comparison of absorption curves obtained by means of the ionization 
chamber with absorption curves obtained with counters. The Gross 
transformation was generalized by Janossy (1936). 
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254. We note two of the properties of the transformation (207): 

1. Differentiating with regard to d we find 


dc(0,e) ^ _J_Qd^C{e) 


dd 


2-jr dd^ 


(208) 


It IS seen therefore that maxima of the vertical intensity c(0, 6) coincide 
with inflexions of the intensity C{d). 

2. Introducing G{d) = 1/0^ we find 




(209) 


Thus if the intensity 0{d) changes according to a power law the vertical 
intensity is proportional to the total intensity. 



IV 


NATURE OF COSMIC RAYS AT SEA-LEVEL AND 
UNDER GROUND 

255. The cosmic-ray beam near sea-level contains the following kinds 
of charged particles: 

(1) positive and negative electrons; 

(2) positive and negative mesons (at least two types of each); 

(3) protons. 

Non-ionizing agencies have also been identified, namely: 

(4) photons; 

(5) neutrons. 

It has been further suggested that cosmic rays may contain 

(6) neutrinos; 

(7) neutrettos. 

In this chapter we shall describe the experimental evidence as to the 
existence of the various particles. 

We shall disregard the historical development of the subject. Recent 
results obtained by the photographic plate technique could not be 
included in this chapter: they are dealt with in Appendix III added to 
this edition. 


A. Ionizing Cosmic-ray Particles 
1. Velocity and Charge 
Ionization of Fast Particles 

256. The cloud-chamber tracks of cosmic rays can be classified 
roughly into two groups according to the density of ionization. Most 
of the observed tracks are thin, i.e. showing a low density of ionization, 
but we find thick tracks, i.e. tracks showing high density of ionization. 

It was shown in § 125, Ch. II, that the individual ions giving rise to 
the track can be located if the expansion is made a short time after the 
passage of the particle so that the ions have time to diffuse before 
condensation takes place. With the technique of delayed expansions 
the rate of ionization of individual cosmic-ray particles can be 
measured. 
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257. The density of ionization produced by a particle of velocity v 
and charge e is given by 


( 1 ) 


where J(w) is a function which increases logarithmically with energy 

and has nearly the same value for all types of particles (§ 238). 

Due to the logarithmic increase of J(w) the ionization density J'iw) 

reaches a minimum for a certain velocity. The minimum is found to 

occur for a • a act 

V = 0-96c air, v = 0-95c argon, 

corresponding to 

B = 3*6 air, B = 3*3 argon. 

The ionization minima are therefore as follows: 


Electron Meson Proton 

— 2 420 4,600 MEV./c 

For fast particles, ~ c, with single charge = 1, we have 

*/{w) J{w). (2) 

As J{w) varies only slowly with energy we find that the ionization 
density for a fast singly-charged particle is nearly independent of both 
the type of the particle and the actual value of its energy. 

In the following table we give calculated values of the rate of ioniza¬ 
tion of fast particles in air of N.T.P.: 


Table 1 

5=1-4 2 5 10 100 1,000 

J{w) = 64-8 43-2 43-8 46-7 67-2 76-0 

B = (l-vVc2)-i/2. 

It is seen that the ionization up to reasonable values of B is of the order 
of 50 ion pairs per cm. This is of the same order as the ionization density 
observed for thin cosmic-ray tracks. 

It must be concluded, therefore, that the majority of the tracks are 
due to cosmic-ray particles with single charges and with velocities v ~ c. 


Positive and Negative Particles 

258. The sign of the charge of cosmic-ray particles can be determined 
from the curvature of the tracks in a magnetic field provided the 
direction of the particles is known. 

In order to determine the relative numbers of positive and negative 
particles appearing in the cosmic-ray beam we can assume that all the 
particles are moving downwards. 
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259. Experiments carried out by Leprince-Ringuet and Crussard 
(1937), Leprince-Ringuet, Nageotte, and Lheritier (1941), Blackett 
(1937 a), Jones (1939), and Hughes (1940) show that the numbers of 
positive and negative particles are roughly equal, but that the positively 
charged particles are slightly in excess. 

The following figures are taken from Jones (1939). 

Table 2 


Positive excess of meson component 



Number of 

Number of 


positively charged 

negatively charged 

Bange in MEV, 

particles 

particles 

200-2,700 

274 

208 ■ 

2,700-6,700 

106 

81 


260. For the determination of the charge of an individual particle it 
is not always safe to assume that the particle is travelling downwards. 
The direction of the particle can be sometimes determined by one of the 
following methods: 

1. The direction of the particle can be determined if it happens to 
produce an energetic secondary, as such secondaries are always pro¬ 
jected in the forward direction. 

2. If the particle passes through an absorber which is placed inside 
the chamber it is sometimes possible to observe the difference in curva¬ 
ture of the parts above and below the absorber. 

3. If the particle itself is the secondary of anotlier particle it must 
be assumed to move away from its primary. 

2. Mass 
(a) Electrons 

Determination of upper limit of mass by ionization 

261. The rest-mass of a particle can be determined from the values 
of velocity and momentum (or energy). We have 

m = pjBv. (3) 

The momentum can be determined from the curvature of the track in 
a magnetic field while the velocity can be determined, at least in prin¬ 
ciple, from the density of ionization. 

For fast particles, however, the density of ionization is practically 
independent of the velocity, while the expression (3) is very sensitive 
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to the exact value of the velocity. Therefore eq. (3) can only be used 
to determine the mass of a slow particle. 

262. Though (3) is unsuitable for determining the rest-mass of a fast 
particle it can always be used to give an upper limit for the value of the 
mass of the particle. 

Assuming for the moment that the function J{w) is constant and 
equal to Jq, we find from (1) for the density of ionization of a particle 
of momentum p and rest-mass m 

= Jo{1 + (^c/29)2}. (4) 

Observing a thinly ionized track with a magnetic curvature corre¬ 
sponding to a momentum p, we can conclude that the track is due to 
a particle of mass 

m 

In particular, if we are sure that the observed ionization is not greater 
than twice the minimum ionization JJ,, then we conclude from (4) that 

m < pjc, 

Anderson (1932, 3) and also Blackett and Occhialini (1933) observed 
thinly ionized tracks of particles with momentum of about 10 MEV./c. 
These particles cannot be assumed to have masses much greater than 
electrons. It was concluded that such tracks are due to fast electrons. 

263. Anderson first reported photographs showing pairs of oppositely 
charged particles of low momentum (see Plate 3) starting from the same 
point. These observations led to the discovery of the positive electron. 

Evidence obtained from radiative collisions 

264. Only electrons of comparatively small momentum can be identi¬ 
fied by the procedure described above. Electrons of higher energy can, 
however, be recognized by their large tendency to emit collision radia¬ 
tion. 

It is seen from § 245, Ch. Ill, that an electron passing through a lead 
plate 0-5 cm. thick suffers on the average one radiative collision. There¬ 
fore it is expected that electrons should lose a large fraction of their 
energy when passing through a comparatively thin lead absorber. 

Observations of Anderson and Neddermeyer (1937), Blackett and 
Wilson (1937), Ehrenfest and Crussard (1938a,6) show that some 
cosmic-ray particles lose as large energies as expected for electrons from 
the theory of radiative collisions; these particles must be assumed to be 
electrons. 



§265] 


IONIZING COSMIC-RAY PARTICLES 


145 


265. If an electron passes through a thick absorber it will lose most 
of its energy in the form of photons. The photons in their turn will be 
absorbed by the emission of pairs of electrons and the process goes on 
as a cascade. Thus an energetic electron falling on a lead plate, say 2 cm. 
thick, is expected to produce a group of electrons emerging from the 
bottom of the plate. 

This process is frequently observed—we reproduce a typical case in 
Plate 3 6, Pig. /. The development of a cascade initiated by an 
electron is also seen very clearly in Plate 3 b, Pig. c. This photograph, 
due to Hazen (1944 a), shows a chamber subdivided by seven thin lead 
plates. It is seen that the number of secondary electrons increases after 
the passage through each of the plates. 

The analysis of photographs of the type shown in Plate 3 b leads 
to a fair agreement with the radiation theory as will be shown in 
Chapter VI. 

266. Most cosmic-ray particles with momenta below 200 MEV./c 
lose energy at a high rate and are therefore electrons. 

Electrons with energies much greater than 200 MEV./c have also 
been identified; such high-energy electrons are, however, comparatively 
rare. 

Most cosmic-ray particles with momenta above 200 MEV./c lose only 
very little energy when passing through metal plates. The reason for 
this is that most of the particles above 200 ME V./c are not electrons 
but mesons (see § 273). 

The reason why mesons are mainly found above 200 MEV./c wiU be 
given in § 277, while the reason why most electrons have momenta 
below 200 MEV./c will become apparent in Chapter VI. The limits are 
quite independent of each other and it is quite accidental that the two 
spectra do not overlap to any appreciable extent. 

(6) Protons 

Fast protons 

267. Protons with momenta exceeding 1,000 MEV./c are fast and 
therefore they give rise to thin tracks similar to those of fast electrons. 
The minimum ionization is found at 4,000 MEV./c. Protons with this 
momentum ionize, however, only half as much as electrons with the 
same momentum. Electrons of this momentum ionize heavily bepause 
of the logarithmic increase of ionization with energy. 

Most of the cosmic-ray tracks in the region of 2,000 MEV./c show an 
ionization density of the same order as expected near the minimum of 

3696.40 T 
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the ionization curve. The observed ionization density is definitely 
smaller than expected for electrons of such high momenta. This was 
taken as evidence that cosmic rays of high momentum are not electrons 
(Williams, 19346). 

Slow protons 

268. The tracks of protons with momentum less than 500 MEV./c 
can be recognized clearly as they are sufficiently slow to ionize more 
heavily than electrons of the same momenta. 

The observed rate of slow protons is of the order of 0-2 per cent, of all 
cosmic ray particles at sea-level. Compare Blackett (1937 a), Erode, 
McPherson, and Starr (1936), Anderson and Neddermeyer (1934). 

Estimation of the proton component 

269. To estimate the total number of protons in the cosmic-ray beam 
it is necessary to make assumptions regarding their origin. 

Some of the slow protons are due to fast protons which have been 
slowed down. Since, however, the observed tracks of slow protons are 
distributed in almost random directions it must be assumed that only 
few of them represent the ends of primary proton paths, which would 
be concentrated round the vertical. 

270. We derive an upper limit for the number of primary protons by 
assuming that all the slow protons observed at sea-level represent the 
ends of the ranges of primary protons. 

To obtain such an upper limit it is necessary to know the rate of 
energy loss of protons as a function of the energy. The loss of energy is 
due to a number of processes. 

1. Ionization. The rate of loss is given in eqs. (168-70), Ch. III. 

2. Radiative collisions. The cross-section for radiative collisions is 
inversely proportional to the square of the rest-mass of the particle and 
therefore (see § 206) the contribution of radiative collisions to the rate 
of energy loss is negligibly small. 

3. According to the meson theory fast protons are expected to emit 
mesons in collisions with atomic nuclei. The rate of loss of energy for 
fast protons is expected to be very large. According to the calculation 
of Heitler and Peng (1944) and Heitler (1945) this loss is at least 100 
times greater than the loss due to ionization. 

The experimental evidence for the loss of energy of fast protons by 
the emission of mesons is indirect. Therefore we estimate the upper 
limit for the number of primary protons first under the assumption that 
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no energy is lost due to meson production; we shall show how the 
conclusions regarding the numbers of protons have to be modified if 
meson production is introduced into the argument. 

271, Denote the range of a proton of momentum jp by The 

protons in the momentum interval then have ranges between 

3i and with 



and therefore the number of protons in the interval p,dp at sea-level is 


where ©(j), d) is the differential spectrum at sea-level. 6 is taken to be 
the mass equivalent of the atmosphere. Both 6 and M are assumed to 
be in grams per cm.® The particles arriving with a remaining range M 
at sea-level must have started on the top of the atmosphere with a range 

e+M{p) = (7) 

where p' is the momentum of the particle when incident on the top of 
the atmosphere. 

Differentiating (7) we find, with the help of (5) and (6), 


0 ) = S(p', 0) 


{d3ildp)p 

{d^ldp)^r 


( 8 ) 


Using the approximate expression (169, Ch. Ill) with m — Mp we find 


^ (p > Mpc), 

I / \“ 

withcfl/ ^ const. 

We see from (8) and (9) that owing to the decrease of d^jdp with 
momentum the spectrum appears decreased in intensity in the region 
of small momentum. Because of this effect slow particles are relatively 
rare. The actual ratio between slow and fast particles depends some¬ 
what on the incident spectrum. To estimate this ratio we assume the 
incident spectrum to be given by (see e.g. § 310) 



= - 4 / 25 ®+!, ( 10 ) 

where 2 : is a constant between 1 and 2. Write for the momentum 
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required to penetrate the atmosphere. The total number of particles 
%{6) reaching sea-level is then according to (10) 

GO 

a:(^) = f s(^,0) ^s(iJo, 0). (ii) 

Z 

Po 

Pq is of the order of 2,000 MEV./c if only ionization loss is taken into 
account. 

From (8) and (9) we find 

( 12 ) 

where p is the initial momentum required for a particle to arrive with 
a momentum p near sea-level. Considering a narrow range only, we 
may put approximately 

P' ~ Po- 

Integrating over (12) we find 

%{p,e) = J Q(p,e)dp = fes(po,o)(3^)* 

and therefore 

(.3, 

Particles with momentum p < Mpcl2 will give rise to dense teacks and 
therefore the relative number of dense tracks is estimated as 

a;(ifpc/2,0) = ^«l. (14) 

The latter value is obtained for z+1 = 2-5 and p^ ~ 2MpC. 

According to § 268 at sea-level only two tracks due to slow protons 
are found per 1,000 incident particles. Therefore according to (14) not 
more than 10 per cent, of the fast particles can be assumed to be 
protons. 

272. Fast protons lose energy by meson production at a rate at least 
100 times larger than by ionization and we obtain with the help of (8) 
an upper limit the value of which is 100 times smaller, i.e. 

10 per cent./lOO = 0-1 per cent. 

Further, according to the meson theory, protons change into neutrons 
when emitting a positive meson and neutrons change back into protons 
when emitting a negative meson. Therefore at sea-level about half of 
the original protons have become neutrons and thus the actual upper 
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Kmit for the number of fast protons is only half of the vahie given 
above. 

Remembering further that the upper limit is certainly too high, as 
many of the slow protons observed cannot be primary protons at the 
end of their range, the number of fast protons is probably only of the 
order of a few per 10,000 particles. This estimation is in good agreement 
with conclusions based upon the observation of penetrating showers 
(see Ch. IX). 

(c) Mesons 

273. Most of the cosmic-ray particles with momenta exceeding 
200 MEV./c are too penetrating to be electrons and most of the pene¬ 
trating particles between 200 and 600 MEV./c ionize too httle for protons. 
It was further shown in the previous paragraph that only a small frac¬ 
tion of the particles with momenta exceeding 600 MEV./c can be 
assumed to consist of protons. It is seen therefore that most of the 
particles with moments exceeding 200 MEV./c are neither protons nor 
electrons. 

These particles must have a mass larger than electrons or they could 
not be penetrating. On the other hand the particles must have smaller 
masses than protons or otherwise they would give rise to thick tracks 
in the region between 200 and 600 MEV./c. It is therefore plausible to 
assume that most of the penetrating particles observed are mesons. 


Mass of mesons 

274. An upper limit for the meson mass can be obtained from the 
observation of thin tracks of penetrating particles with momenta less 
than 600 MEV./c. The actual mass of a meson can be deduced only 
from its track when slow. 


The first track which must clearly be attributed to a particle of mass 
intermediate between electron and proton was obtained by Neddermeyer 
and Anderson (1938). The photograph is reproduced in Plate 2 {d). 
The rest-mass of a meson can be determined if any two of the three 
quantities p, v are known. 

The rest-mass is given by the following equations in terms of these 


quantities 


vB (£— 1 ) 0 ^' 


(15) 


Alternatively, the mass of a meson can be determined from eq. (35), 
Ch. Ill, when it is giving rise to an electron secondary. The mass is 
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expressed as a function of the momenta of electron and meson after the 
collision and the angle between the scattered meson and the recoiling 
electron. 

The momentum of the meson can be determined from curvature of 
its track in a magnetic field. 

The kinetic energy or the velocity v can only be determined with 
sujBlcient accuracy from the track of a slow particle. 

If the track of the slow particle happens to end in the gas of the 
chamber, then the energy of the particle can be determined directly 
from the total ionization. If the ionization is too dense for the ions to 
be counted, the energy can be determined from the theoretical energy 
range relation (see Fig. 30, § 239). Similar methods can be applied to 
tracks in photographic emulsions. 

275. The experimental value of the mass of the /r-meson must be based 
at present on the combination of isolated results by various observers 
using different techniques. It is therefore difficult to assess the relative 
weights to be assigned to the available determinations and we here only 
indicate the broad status of the methods which have been used. 

We distinguish two main types of determination. Direct methods may 
be based either on the classical experiments used for electrons, in which 
magnetic and electrostatic deflexions are compared, or on close collisions 
with electrons, the collision being assumed elastic. The first method 
involves severe experimental difficulties and has not yet been applied 
(compare Gorodetzky (1942, 3)). The second, used by Leprince-Ringuet 
and Gorodetzky (1941) and by Hughes (1941), must rank as the method 
with the soundest theoretical basis. However, because of the scarcity 
of particles in the appropriate range of energy, the method depends on 
the occurrence of a rare event and extensive results are hardly to be 
expected. 

Indirect methods are based on the relation between momentum, 
rate of ionization, and energy loss in the region where the velocity is 
appreciably less than c. These methods are based on principles which, 
while less fundamental than those described above, are used under 
conditions which we have strong reasons to regard as reliable. 

276. The relative reliability of individual determinations is affected 
in all cases by the spurious curvature of cloud tracks due to Coulomb 
scattering which has been discussed by Williams (1940 a). We have 
considered this error elsewhere (§ 136, Ch. II). We emphasize that 
Williams’s figures refer to the average spurious scattering and that the 
probability of a spurious curvature several times as great is appreciable. 
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This effect in particular increases the uncertainty of determinations 
based on momentum measured in low magnetic fields and when v 
Notably, methods using the last few centimetres of tracks stopping in 
the gas of a cloud chamber are strongly affected by scattering. 

In Table 3 we have tabulated some results; it must be noted that 
uncertainty of measurement does not lead to a symmetrical distribution 
of the errors. The scatter in general is much more tolerant of an increase 
of mass than of a decrease. 


Table 3 


Mass of the meson 


Method 

Observer 

Mass m units of 

Elastic collision 

Leprince-Ringuet and Goro- 
detzky (1941) 

240 ±20 


Hughes (1941) 

180±26 

Momentum loss in plates 

Nishina and others (1939) 

180±20 


Wilson, J. G. (1939) 

170±20 


Fretter, W. B. (1946) 

(26 values) 

202 ±10 

Momentum and ionization 

Williams, E. J., and Pickup 
(1938) 

160±30 


Nielsen and Powell (1943) 

1 (4 values) 

180±11 


Fretter (1946) measured the masses of 26 mesons by means of a double 
cloud-chamber arrangement. The magnetic curvature was measured in 
the upper chamber while the range was measured to the nearest | inch 
of lead in a lower chamber containing eight plates. 

While we write this, many mass determinations of both ju- and 
7T-mesons are in progress. Results of mass determinations bn artificially 
produced mesons are awaited with interest. 

Rate of slow mesons 

277. Assuming that all the slow mesons observed are due to fast 
mesons which have come to the end of their range we can apply the 
considerations of § 271 to estimate the ratio of fast and slow mesons. 

We assume that mesons are slowed down mainly by ionization. We 
obtain from (13) when replacing the proton mass Mp by the meson mass 
II for the fraction of mesons with momentum less than /xc/2 ~ 50 MEV./c 

1 


eson oson ( 0 ) 


(16) 
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This estimation gives, however, too high a value for two reasons: (1) a 
considerable number of the mesons will decay, (2) there is evidence that 
some of the mesons are captured by nuclei. Taking these two effects 
into consideration we estimate the fraction of slow mesons to be of the 
order of 1/2000. Though no exact statistics are available, this ratio 
seems to be compatible with the rate of slow mesons observed on cloud- 
chamber photographs. 

It is interesting to note the absolute rate at which slow mesons cross 
a cloud chamber of usual dimensions. Consider a chamber of 30 cm. 
diameter and a few centimetres depth. The rate at which particles cross 
this chamber is of the order 1,000 per hour and therefore a slow meson 
will traverse the chamber about once per two hours. Photographs 
of slow mesons can thus be obtained with a triggering arrangement 
setting off the chamber whenever a slow meson is crossing its sensitive 
volume. We shall come back to this question in Ch. V, § 337. 

3. Experimental Test of Momentum Ionization Relation 

278. Many of the arguments brought forward in the previous section 
are based on the theoretical relation between ionization density and 
momentum. 
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The density of ionization of cosmic-ray tracks has been measured by 
varoius observers. 

The numbers of secondaries with sufficient energy to ionize them¬ 
selves can be found by counting the small blobs along the tracks of 
cosmic rays. The blobs are caused by secondaries of short range. 

The actual number of ions per cm. of track can be counted by using 
delayed expansions permitting the ions to diffuse before the drops are 
formed. 

Using this technique Corson and Erode (1938) and Sen Gupta 
(1940, 3) have measured the ionization density as a function of 
momentum. It is found that the cosmic-ray tracks can be sepa¬ 
rated into three groups corresponding to electrons, mesons, and pro¬ 
tons. The momentum ionization curves are in good agreement with 
the theory, both for small velocities and above the minimum of ioniza¬ 
tion. In Fig. 36 we have reproduced the results of Sen Gupta. The 
logarithmic increase of the rate of ionization with momentum can be 
seen clearly. 


B. Non-Ionizing Components 
1. Experiment of Bathe and Kolhorster 

279. Most cosmic rays near sea-level are ionizing particles. These 
particles constitute the main cosmic-ray beam and they are not the 
secondaries of a more penetrating non-ionizing radiation as was supposed 
for a long time after the discovery of cosmic rays. 

It was shown by Bothe and Kolhorster (1929) that two GM-counters 
placed close above one another show coincident discharges too fre¬ 
quently to be accidental. These coincidences were attributed to single 
rays passing through both counters. From the geometry of the arrange¬ 
ment it was shown that rays passing through both counters have a high 
probability of discharging both. Thus it was found that the efficiency 
of counters is high for counting of cosmic-ray particles; the efficiency 
of counters for recording non-ionizing rays must be small. Therefore 
the cosmic-ray particles must be ionizing. 

280. Coincidences between two GM-counters sliow only that cosmic- 
ray particles have sufficient energy to penetrate the walls of the counters. 
These particles could still be secondaries of energetic non-ionizing rays. 
Skobelzyn (1927, 9) observed fast ionizing particles and assumed tenta¬ 
tively that these particles were the Compton electrons due to energetic 
y-rays. 
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In order to show that the ionizing particles have long ranges for th 
selves coincidence experiments were carried out with counters sepaD 
by thick absorbers. The coincidences thus obtained must be du 
particles of long range. 

281. Bothe and Kolh5rster (1929) observed coincidences between 
counters separated by 8 cm. of gold. More elaborate experiments ^ 
carried out by Rossi (1933), Street, Woodward, and Stevenson (1£ 
and others. Rossi found that about half of the particles which 



Fig. 37. Absorption curve of cosmic rays in load at soa-lov^ol. 
Clay and Van Gemert (1939). 


capable of penetrating 10 cm. of lead are also capable of penetra 
Im. of lead; Eig. 37 shows results of Clay and Van Gemert. < 
metre of lead has a mass equivalent exceeding that of the whole at: 
sphere. Thus it is seen that about 40 per cent, of the cosmic-ray j 
tides near sea-level have remanent ranges sufficient to penetrate 
whole of the atmosphere. This result strongly suggests that the obser 
particles themselves constitute the penetrating part of cosmic rays 
are not the secondaries of more penetrating rays. 

282. In the experiments of Street, Woodward, and Stevenson (If 
particular care was taken to show that the particles penetrating the 1 
absorber were single particles travelling in a vertical direction. ' 
counter arrangement is shown in Fig. 38. Fourfold coincidences 1 
3, 4 were observed. The absorber was distributed equally into the tl; 
gaps between the counters. A non-ionizing ray only gives rise to s 
a coincidence by producing four ionizing secondaries in the con 
places and the chance of this happening must be assumed to be ne 

gible. Thus the coincidences must have been due to single ioniz 
particles. 
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Further, six counters in anticoincidence were placed near to the 
coincidence counters. These counters were not in line with the coinci¬ 
dence counters and could not be discharged by a single particle passing 
through the coincidence counters 1 to 4. Therefore the six anticoinci¬ 
dence counters did not affect coincidences 1, 2,3,4 due to single particles. 
The anticoincidence counters would, however, cut out coincidences due 
to showers coming from the side. 



>-0 


Fig. 38. Arrangement of Woodward and Street. 


283. The existence of particles at sea-level with remaining ranges 
much greater than the thickness of the atmosphere are also shown by 
the measurement of the momentum of particles in the cloud chamber. 
It was found that about half of the penetrating particles observed in a 
cloud chamber had momenta exceeding 2,000 ME V./c. If the energy loss 
of the penetrating particles was assumed to be mainly determined by 
ionization then the initial momentum for a penetrating particle for 
traversing the atmosphere was about 2,000 MEV./c. The comparison 
between momentum spectrum and absorption curves will be discussed 
in more detail in § 311. 


2. Search for Non-Ionizing Components 

284. The observations described so far show that a considerable part 
of cosmic rays consists of ionizing particles. 
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The ionizing particles are, however, accompanied by some non¬ 
ionizing rays. 

Direct evidence for photons was obtained by Anderson, who obtained 
photographs of electron pairs initiated in the gas of the chamber (see 
Plate 3 (a)). 

Showers initiated by non-ionizing particles were also observed. An 
interesting example is a shower containing many particles emerging 
from the bottom of a lead plate with no particle entering the top of the 
plate (Stevenson and Street). 


(a) Coincidence Exj>eriments 
Secondaries of non-ionizing particles 
285. More detailed investigations of non-ionizing rays have been 
carried out using counter methods. 



Fig. 39. Rossi’s arrangement. 


The following experiment was carried out by Rossi (1931a) in an 
attempt to find non-ionizing primaries. 

An absorber 30 cm. thick (Fig. 39) was placed alternatively above 
and between the counters of a coincidence arrangement. Non-ionizing 
primaries giving rise to ionizing secondaries in the absorber might con¬ 
tribute to the coincidence rate when the absorber is above the counter 
arrangement, while no contribution due to such secondaries could be 
expected with the absorber between the counters. Non-ionizing prima¬ 
ries should therefore produce an increase of the coincidence rate when 
the absorber is moved from between the counters to above the counters. 

In the actual experiment a small increase of this kind was observed. 
This increase was, however, not attributed by Rossi to non-ionizing 
secondaries. A small change of the counting rate is to be expected in 
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any case due to scattering in the absorber and to showers. Experiments 
to be described later show that the increase found by Rossi was indeed 
due to such effects. 

286. Experiments of the type carried out by Rossi were later repeated 
by other observers. Some of the large positive effects found m the later 
experiments (e.g. Maass (1936)) are certainly due to scattering and 
showers. 

Better designed experiments of this type were carried out by Schein, 
Wollan, and Groetzinger (1940) in the stratosphere, showing that at 
high altitudes a considerable number of ionizing rays are produced 
by non-ionizing secondaries. As the effects reported by these authors 
are of the order of 100 per cent, they must be attributed to non-ionizing 
primaries rather than to showers or scattering. These experiments will 
be discussed in greater detail in Chapter IX. 

Showers produced by non-ionizing particles 

287. The question was also discussed whether showers are produced 
by ionizing or non-ionizing agents. The arrangements used were mostly 



Position (1) Position (2) 


Fig. 40. Production of showers. 

of the type shown in Fig. 40. The lower set of counters can only be 
discharged by showers. The absorber s was placed alternatively above 
and below the top counter 1. Showers produced in s by non-ionizing 
radiation can only discharge all counters 1 to 3 if the absorber s is 
above the top counter. If s is placed below the counter 1 then fourfold 
coincidences can only be expected due to showers coming from the air 
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or else from showers produced by an ionizing particle in 5 ; in the latter 
case the counter 1 is discharged by the particle giving rise to the shower. 
This experiment has been carried out by various observers using slightly 
different arrangements. The results were quite contradictory. The 
reason for this ambiguity is that by moving the absorber s the whole 
geometry of the arrangement is affected; some showers emerging from s 
may discharge the counters when s is in one position but not if s is in the 
other position. Thus the actual interpretation of the coincidence rates 
as obtained with an arrangement as shown in Fig. 40 is rather compli¬ 
cated and the results do not permit conclusions as to the nature of the 
primary radiation. 


(b) The Anticoincidence Method 

288. The main difficulty of the coincidence experiments described in 
the previous section arises from the circumstance that the counting rates 
for an absorber s in two different positions have to be 
compared. It is clear that the arrangements shown in 
Fig. 39 and Fig. 40 are both more sensitive to non¬ 
ionizing rays when the absorber s is in the higher posi¬ 
tion; but it is difficult to assess how much the background 
rate is affected by moving the absorber s. Therefore one 
cannot decide how much an observed change of the 
counting rate is due to non-ionizing primaries and how 
much it is due to the changing background. The 
following arrangement due to Kossi is free from this 
ambiguity. 

Genuine and spurious anticoincidences 
289. The arrangement is an anticoincidence set as 
shown schematically in Fig. 41. Coincidences between 
the counters 1, 2, and 3 not accompanied by the dis¬ 
charge of any of the counters A are recorded. An absorber 
is placed between the top counter of the coincidence 


C«) 
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Em. 41. 


Anticoincidence arrangement and the anticoincidence counters. The 
arrangement, anticoincidence counters must cover rather more than 
the solid angle subtended by the coincidence arrangement. 

Anticoincidences recorded with such an arrangement are in the main 
due to the following processes: 

1. Anticoincidences will be caused by non-ionizing rays falling on 
and giving rise to ionizing secondaries which discharge the counters 1, 





§ 289] 


NON-IONIZING COMPONENTS 


159 


2, and 3. In the following discussion we shall be interested mainly in 
anticoincidences due to this process and therefore we shall call them 
genuine anticoincidences. Anticoincidences caused by other processes 
given below will be called spurious ones. 

2. Spurious anticoincidences will result if a particle coming from 
above crosses all counters but happens not to discharge the anticoinci¬ 
dence counters because of inefficiency. This type of spurious anti- 
coincidence can be much reduced by using double or multiple layers of 
anticoincidence counters. 

3. Particles coming from the side may be scattered in s and thus 
discharge the coincidence counters without passing through the anti- 
coincidence. Alternatively a shower coming from the side may discharge 
the coincidence counters but not the anticoincidence counters. Spurious 
anticoincidences of these types can be avoided by covering the coinci¬ 
dence system with anticoincidence counters from all sides except from 
below. (No anticoincidence counters should be placed below as such 
counters would cut out genuine anticoincidences as well.) 

4. Particles coming from below which are absorbed in s give rise 
also to spurious anticoincidences. This effect seems to be negligible in 
practice. 

Test for genuine anticoincidences 

290. In order to detect non-ionizing rays with an arrangement of the 
type shown in Pig. 41 one has to investigate what fraction of the anti- 
coincidences is genuine in the sense explained above. This can be done 
by placing absorbers S above the anticoincidence counters. The ab¬ 
sorber S absorbs non-ionizing rays and therefore is expected to reduce 
the rate of genuine anticoincidences. At the same time S has only little 
effect on the rate of spurious anticoincidences. It is seen that only the 
type (2) (§ 289) of spurious anticoincidences can be affected by absor¬ 
bers above the anticoincidence counters. The rate of spurious anticoinci¬ 
dences of type (2) is a constant fraction of the coincidences 1,2, 3, and 
therefore the spurious anticoincidence rate cannot be expected to 
decrease more rapidly due to the absorber than the rate of threefold 
coincidences 1, 2, 3. If the observed decrease of the anticoincidence 
rate is noticeably greater than that of the coincidence rate, one must 
then assume that the decrease is due to the decrease of the rate of 
genuine anticoincidences. 

291. The rate of genuine anticoincidences decreases due to the ab¬ 
sorber S as some of the non-ionizing rays are absorbed when traversing 
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S, The term ‘absorption’ is not used in its usual sense. A non-ionixing 
ray appears as absorbed in connexion with anticoincidences when it 
loses its ability to give rise to an anticoincidence. This happens cdther 
when the ray is stopped in a collision, or when it gives rise to one or 
more ionizing secondaries which accompany the primary non-ionis^ing 
ray when traversing the anticoincidence counters. 

The rate of genuine anticoincidences plotted against thickness of the 
absorber 2 can be regarded as the absorption curve of the incident non¬ 
ionizing radiation. This curve does not necessarily represent thcj t rue 
absorption curve but represents the relative probability of non-ionizing 
rays traversing various thicknesses of absorber without sulfering a* 
collision. If the incident radiation is homogeneous and the mean fVea 
path before a collision in which secondaries are given rise to is in, then the 
fraction of primaries not having suffered a collision in a thickness 0 is 
exp(—6/m) and 

rate of anticoincidences = ‘^^exp(—0/m). (17) 

(i) Photons 

292. Experiments with the arrangement shown in Fig. 42 u ere 
out by Jdnossy and Rossi (1940). The rate of aMtic()in(u<lenc<\s 



tlMckno..,, « 

rate with 0=5 ; g thmic plot (assuming the anticoincHlence 

preted most easily in terms of^ ® result is int er- 

Of Beth, and ' '-r.v 
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The production of showers by photons was studied by similar arrange¬ 
ments. Experiments of this kind were carried out by Janossy and Rossi 
(1940), by Nereson (1942), by Trumpy (1943), and by Clay and Levert 
(1946). The results of Trumpy are shown in Fig. 44. 



Fio. 43. The absorption curve of cosmic-ray photons. 

= 0, 35 cm. Pb. ^ observed,-calculated. 

(Janossy and Rossi, op. cit., p. 97, Fig. 3.) 



Fig. 44. Photon-initiated showers observed (Trumpy), calculated (Arloy). 

(N. Arley, Stochastic Processes^ p. 

It can be concluded that the cosmic radiation near sea-level contains 
a photon component; the intensity of this component is estimated to 
exceed 10 per cent, near sea-level. Further it can be concluded that the 
Bethe-Heitler theory agrees with experiment, at any rate for energies of 
the order of 10® eV. (We shall see later that there is indirect evidence 
for the validity of this theory up to very high energies.) 
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293 . Rossi and his co-workers (Rossi, Janossy, Rochester, and Bound 
(1940)) have also shown that the rate of genuine anticoincidences 
decreases very much if absorbers amounting to 10 cm. of lead are 
placed between the coincidence counters. This experimental result 
further supports the interpretation of the experiments described in 
§ 292 in terms of photons producing electron pairs. The range in lead 
of the electrons produced by the photons is expected to be small and 
only electrons exceeding 10^® eV. have an appreciable chance of pene¬ 
trating an absorber of 10 cm. of lead. Thus the 10 cm. of lead placed 
between the coincidence counters prevents the electrons produced by 
the photons from discharging the lowest counter of the coincidence 
arrangement and therefore the rate of genuine anticoincidences is 
strongly reduced by 10 cm. Pb absorber. 

It can be concluded that photons produce only rarely, if at all, mesons. 

294 . Incidentally it was found that the rate of coincidences 1, 2, 3 
obtained with the arrangement Fig. 41 is larger when the absorber s is 
in the position above the counter 1 than the rate obtained when the 
absorber s is put below the counter 1 in position Sg. This effect might 
have been interpreted as being due to ionizing secondaries produced 
in 5 by non-ionizing radiation (compare § 286). Such an interpretation 
is, however, incorrect as the anticoincidence rate 1, 2, 3, —A was found 
to be almost unaffected by the position of s. The difference in the 
coincidence rates arising from the change of position of s is therefore 
not connected with non-ionizing primaries. 

(ii) Penetrating non-ionizing rays 

295 . In a search for non-ionizing rays with a mean free path exceed¬ 
ing that of photons Rossi and Regener (1940) have carried out anti- 
coincidence experiments at Mt. Evans (4,300 m. above sea-level). An 
arrangement somewhat similar to that shown in Fig. 42 was used and 
it was found that the rate of anticoincidences decreased noticeably 
when an absorber 2 above the anticoincidence counters was increased 
from 2*5 to 10 cm. of lead. This effect shows clearly the occurrence of 
non-ionizing rays with a mean free path exceeding that of photons. 
The absorber consisted of 5 cm. of lead while an absorber /S 10 cm. 
thick was also placed between the counters. It is seen therefore that 
the ionizing secondaries produced by the penetrating non-ionizing rays 
are themselves more penetrating than electrons. 

The effect has probably to be interpreted in terms of mesons pro¬ 
duced by neutrons. 
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296. Penetrating non-ionizing rays were also found by Janossy and 
Rochester (1943 a) near sea-level. The experimental arrangement is 
based on the same principles as those described above. The intensity 
of the penetrating non-ionizing rays at sea-level was found, however, 
to be very small and therefore extreme precautions had to be taken in 
order to reduce the background of spurious anticoincidences to less than 



Fig. 45. Experimental layout of J6nos.sy and Rochester (1942) (seen from below). 

(Janossy and Rochester, Proc, Roy. Soc. A, 181, 401, Fig. 3.) 

the rate of genuine anticoincidences. The coincidence arrangement was 
therefore surrounded by an anticoincidence set consisting of 76 counters 
in parallel and the rate of spurious anticoincidences could be reduced 
to less than one per 3,000 coincidences. 

Evidence was obtained with this arrangement (Fig. 45) for a weak non¬ 
ionizing component with a mean free path of about 10 cm. of lead. The 
intensity of the component was estimated to be one non-ionizing ray per 
700 ionizing particles. It is likely that the non-ionizing rays observed at 
sea-level and at Mt. Evans are parts of the same component of cosmic rays. 

Other Non-Ionizing Rays 
(a) Slow Neutrons 

297. We shall give in Chapter IX arguments to the effect that the 
penetrating non-ionizing radiation described in the previous section 
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consists of fast neutrons. This interpretation is supported by the fact 
that the occurrence of slow neutrons in the cosmic-ray beam can be 
shown directly. 

298. Slow cosmic-ray neutrons have been investigated by means of 
boron counters (Tiinfer (1938), Montgomery (1939), Tongiorgi (1949)). 

The experimental results are collected in Fig. 46. It is seen that the 
neutron intensity increases very strongly with height. 



Fia, 46. Height and intensity distribution of cosmic-ray neutrons (Eiinfer). 

I. Neutrons. II. Shower intensity. III. Cosmic-ray intensity. 

A summary of the experimental results for slow cosmic-ray neutrons 
has been given by Bethe, Korff, and Placek (1940). In this paper a 
detailed discussion of the experiments and their interpretations can also 
be found. According to Bethe the absorption of these neutrons is due 
mainly to elastic scattering and therefore the intensity distribution in 
the atmosphere is given by a diffusion equation. The actual distribution 
is approximated by a Gaussian with its maximum near the height with 
7 cm. Hg pressure. No experiments have been carried out at sufficient 
height to confirm the decrease of intensity predicted by Bethe. 

(6) Neutrinos 

299. There are good reasons to believe that a large number of 
neutrinos are produced by cosmic rays (compare § 222). No direct 
experimental evidence for the existence of a neutrino component is 
available. The difficulties in establishing a neutrino component are not 
purely experimental. As no clear theoretical predictions have been made 
as to what processes would be initiated by neutrinos it is impossible 
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at the moment to know for certain what are the best experiments to 
carry out to prove their existence. 

(c) Neutrettos 

300. As was seen in Chapter III there are theoretical grounds for 
assuming the existence of neutral mesons or neutrettos. Various pro¬ 
perties of the neutretto can be predicted. One finds, for example, a 
finite cross-section for the transformation of a neutretto into a charged 
meson and for the reverse process (Heitler and Peng (1944)). Such 
processes, if they occur, could be detected. No extensive search for 
neutrettos has been carried out. Preliminary experiments of Lovell 
(1939) failed to detect such a particle. 

301. The theory of MoUer and Rosenfeld (1940) predicts also the 
occurrence of charged and neutral vector mesons. These mesons are 
expected to have a mass comparable with that of the other mesons but 
they should have a jS-decay period of the order of 10~® sec. only. 

No experimental evidence either for or against the occurrence of 
such mesons has been brought forward. 

C. Cosmic Rays Under Ground 
1 . Absorption Function 

302. The cosmic-ray intensity was measured under ground in mines 
and under water both with ionization chambers and with coincidence 
counters. 

The counter measurements have a great advantage over ionization- 
chamber measurements. The zero current in an ionization chamber 
cannot be determined accurately and therefore only the difference of 
the intensities at various depths can be established with an ionization 
chamber. 

The zero effect of a coincidence aiTangement is due to accidental 
coincidences and it is always possible to reduce the rate of accidental 
coincidences to a small fraction of the observed effect. 

With an ionization chamber the intensity integrated over all directions 
of incidence is measured. On the other hand with a counter arrangement 
the intensity can be measured in the vertical direction. The absorption 
curves obtained with a counter arrangement and with an ionization 
chamber caimot in general be compared directly. 

The two absorption curves can, however, be transformed into each 
other by using the Gross transformation described in § 252. 
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303. The depth ionization curve was investigated by a large number 
of observers. It was found that the ionization still decreases under 500 m. 
water equivalent. Most elaborate measurements were carried out by 
Regener and his collaborators. An ionization chamber together with a 
complete photographic recording arrangement was enclosed in a water¬ 
tight tank and submerged to various depths down to 230 m. in Lake 
Constance. 

In the course of these measurements it was discovered that dry 
batteries were radioactive and that therefore the batteries used in the 
recorder disturbed the measurements. After having eliminated this 
difficulty a very satisfactory depth-ionization curve was obtained 
(compare Weischedel (1936)). 

304. Coincidence experiments under ground were carried out by a 
large number of observers. Ehmert (1937) submerged a full automatic 
coincidence arrangement down to 240 m. in Lake Constance. Clay 
and Van Gemert measured the coincidence rate with an apparatus 
which they submerged to 440 m. under the North Sea. Observations 
were carried out in mines. Clay and Gemert (1939) measured down to 
1,380 m. water equivalent, V. C. Wilson (1937, 8) down to 1,420 m. 
Myazaki (1949) has measured the intensity under 3,000 m. water 
equivalent. The absorption curves can all be represented by a power 
law, the exponent increasing with depth. Some of the results are 
summarized in the following: 

Absorption function according to Ehmert: 

Exponent 
13<0<43 -1-56 

45 <0 < 243 --1-78 

According to V. C. Wilson (1938 a, 6): 

20 <0 < 250 --1*77 

250 < 0 < 1,420 -2*52 
According to Clay and Gemert (1939): 

60 <0 < 300 -1-93 

300 < 0 < 1,380 -2-95 

The agreement between Ehmert and Wilson is very good. The single 
point given by Barndthy and Forro (1937) at about 1,000 m. agrees also 
with Wilson's results. The absorption found by Clay and Gemert seems 
to be slightly greater than that found by the other observers. The 
latter results have greater statistical weight than the former. 
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Clay and Gemert carried out their measurements under water down 
to 450 m., and subsequently under rock with the same apparatus; this 
led to direct comparison of absorption in water and rock. 



Fig. 47, Comparisons of decrease of cosmic-ray intensity in rock by various 
observers: • Clay and Gemert, X Wilson, • K Kolhorster, • B Bamdthy and 
Forro. (Clay and Gemert, Physica, 6, 609, Fig. 7.) 


2 . Nature of Rays Under Ground 

(а) Cloud-chamber Evidence 

305. There is good reason to believe that cosmic rays under ground 
have much the same composition as cosmic rays at sea-level. 

Cloud-chamber photographs of particles under ground were taken 
by Braddick and Hensby (1939), by Wilson and Hughes (1943), and 
by Hazen (19446) at 30 m. of water equivalent. The tracks obtained 
under ground have the same appearance as those obtained at sea-level. 

(б) Coincidence Experiments 

306. Various authors, however, suggested that the radiation under 
ground differs essentially in composition from the radiation near sea-level. 

1. It was suggested that the radiation under ground consists of 
relatively soft particles produced by more penetrating primaries. 

2. It was also suggested that the radiation at depths greater than 
300 m. water equivalent consists mainly of showers. 

We describe in what follows experiments which disprove the above 
assumptions. 

Absorbers of lead were placed between the counters of a vertical 
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coincidence arrangement, and thus the absorption of the rays in lead 
was measured (V. C. Wilson (1939), Clay and Gemert (1939)); call this 
absorption curve, curve jS. 

The absorption curve can also be determined by measuring the 
cosmic-ray intensity at successive depths. The absorption curve ob¬ 
tained by this second method may be called curve A, 

The curve B shows a decrease of the order of 10 per cent, for the first 
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Fig. 48. Absorption curve in lead (curve A); (i) observed points 
under 71 m. HgO equivalent (curve B). (Hughes and Wilson, 1943.) 

7 cm. of lead. This decrease is due to a transition effect. For larger 
thicknesses of lead the curve B shows a very small absorption. The 
absorption in lead as found from curve B corresponds exactly to the 
corresponding part of curve A if mass-proportional absorption is 
assumed (see Fig. 48). 

307. The similarity of curve A and curve B can be understood imme¬ 
diately if it is assumed that the cosmic rays consist of ionizing particles 
only. In this case the two arrangements measure the same effect. 

The curves A and B would be expected to differ if the ionizing par¬ 
ticles were the secondaries to a more penetrating non-ionizing radiation. 
For in this case the curve B would represent the absorption of the soft 
secondaries, while the curve A would represent the absorption curve 
of the more penetrating primaries. It is clear that the experimental 
evidence does not support such an assumption. 

308. It has also been shown conclusively that the radiation under 
ground consists of single particles and not of showers. 

Thus V. C. Wilson (1939) observed the rate of fivefold coincidences 
with a set of five counters placed in a plane. It was found that the rate 
was essentially the same as the corresponding rates for lower multiplici¬ 
ties. It is seen therefore that the cosmic rays below ground are still 
sufficiently ionizing to set off counters with a high efficiency. 

It was found further that the rate of fivefold coincidences was reduced 
considerably when the counters were shifted out of line. It must be 
assumed therefore that the coincidences under ground are mainly due 
to single particles and not to showers. 




§ 308] 


COSMIC RAYS UNDER GROUND 


169 


The most penetrating particles are, according to theory, the mesons. 
If the cosmic rays at 1,000 m. water equivalent are mesons, it must be 
assumed that they have started with momenta exceeding 2.10® MEV./c. 
This value is, however, only a lower limit for the primary energies as no 
doubt many of the particles have not come to the ends of their ranges. 

Further, the possibility cannot be excluded that very energetic mesons 
lose energy other than by ionization. If this is the case, initial momenta 
exceeding 2.10® MEV./c have to be assumed. 

D. Momentum Spectrum 
1. The Spectrum 

309. The momentum spectrum of cosmic rays has been measured by 
many observers (see § 15). The most significant data obtained so far have 
been collected by Wilson (1946). The following table is reproduced 
from Wilson’s paper. 

Table 4 

The meson spectrum above 1,000 MEV.Ic 




Author 


Range 

Blackett 

(1937) 

Jones 

(1939) 

Wilson 

(1946) 

Number of tracks with 
momentum < 1,000 
MKV.Ic 

620 

802 

301 


Number of j)articles for a total of 1,000 in the range 
1,000-10,000 MEV.jc 

1,000-2,000 

383 

393 

367 

2,000-3,000 

219 

243 

223 

3,000-6,000 

280 

258 

288 

6,000-10,000 

118 

106 

122 

10,000-20,000 

86 

) (289) j 

102 

> 20,000 

80 

82 


Table 5 


The meson spectrum below 1,000 MEV.jc {Wilson (1946)) 


Range of momenta 
in MEV.jc 

Number of particles for a total 
of 1,000 in the range 1,000- 
10,000 MEV.jc 

500-1,000 

238 

300-500 

76 

200-300 

35 

100-200 

18 

30 (Williams (19396)) 

2 in a band of about 30 MEV./c 
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500 1,000 1,600 Z,000 2,500 

MEV/c 


Fig. 49. Differential meson spectrum (collected by J. G. Wilson). 



3 10 SO 100 300 1,000 3,000 10,000 30,000 

p In 

Fig. 50. Differential momentum spectrum of cosmic rays at 
sea-level according to E. J. Williams (1939). 

In Fig. 49 the meson spectrum has been plotted. 

In Fig. 50 we have reproduced the electron and meson spectra 
according to Williams (19396). 

2. Interpretation of Observed Spectrum 

310. The momentum spectrum as obtained by Blackett (1937a,6) 
shows an irregularity round 2,000 MEV./c. It was pointed out by 
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Blackett that this irregularity occurs in the region of 2MpC^ and may 
be connected with some process involving protons. 

(a) Analytic Expressions 

The high-energy part of the spectrum can on the whole be well repre¬ 
sented by a power function such as 



Loge{(p+2,000)/1,000} 

Frcs. T)!. Dii^erential momentum spec*.trum (l^laekott, IDIUi). 

with zr^ I, The spectrum may be regarded to be significant up to say 
IQio eV. 

It may be noted that for high momenta the spectrum must tail off 
more rapidly than Ijp^ as otherwise the total momentum would be 
infinite. 

Tor our purpose it is more relevant to represent the differential 

.peotrumbj (19) 

and the integral spectrum by 

Z{p) (p+Po)-^. (20) 

We have plotted in Pig. 51 Blackett’s data in a double logarithmic plot. 
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Assuming = 2,000 MEV./c; we see that the whole of the spectrum 
can be fitted fairly satisfactorily by (19) with z= 1*6. For later applica¬ 
tion wo work out the following average values: 




J pQ{jp) dp 


and similarly 


I Q{p)dp 

0 


3,500 MEV./c 


3,300 MEV./c' 


(b) Range Momentum Relation 

311. There is a simple connexion between an absorption curve and 
the energy spectrum of the particles. Assume an absorption process in 
which fluctuations are neghgible. The range ^ of a particle is a mono¬ 
tonic function of momentum. We have 

^ (23) 

Reversing the above equation we obtain 

P=Pi^)- 

Introducing the last expression into the momentum spectrum we find 
the number of particles with ranges exceeding a given value All 
particles with ranges 01 ':> Q 

are capable of penetrating to a depth exceeding 0, and thus the intensity 
at a depth Q is equal to the number of particles with ranges exceeding 6. 
We have therefore 

(24) 

where ^ is the absorption function and 3: the integral spectrum. 

312. For moderate depths the observed absorption function is giv^eii by 

j [Bq = 1,000 grams per cm.2 (25) 

' ^finin’vfl.lfinf. of 


^{9) = *^(Q) L A 1 (^0 = 1,000 grams per cm.2 (25) 

\ (equivalent of atmosphere)) 

(see § 304). Comparing this with the analytic expression (20) oljtained 
for the momentum spectrum we find 

n On 


and therefore 


2 MEV./c cm.^ per gram. 
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The above rate of loss is in good agreement with the loss expected for 
mesons due to ionization in light elements (Fig. 30c, p. 129). It can be 
concluded therefore that the meson spectrum together with the absorp¬ 
tion curve for small depths favour the assumption that mesons are 
mainly absorbed by ionization loss. 

A similar conclusion can be drawn from the comparison of the absorp¬ 
tion curve in lead and the spectrum. Roughly 50 per cent, of the penetrat¬ 
ing component is capable of penetrating 1 m. of lead. From the spectrum 
(20) we find that 50 per cent, of the mesons have energies exceeding 
1,100 MEV./c. From the theoretical momentum range relation repro¬ 
duced in Fig. 306 we find that the range of 1,100 MEV./c mesons is 
73 cm. of lead. 

313. The question whether or not high-energy mesons lose energy by 
processes other than ionization could be decided experimentally by 
measuring the meson spectrum up to momenta of the order of 10^ 
MEV./c. If the energy loss of these fast mesons is mainly due to ioniza¬ 
tion, then the exponent of the momentum spectrum should show the same 
increase as is observed for the exponent of the absorption function. 

A further point which could be tested experimentally is as follows. 
If the mesons lose energy by ionization only, then the momentum 
spectrum at a depth 6 should be given by 

with p{e) = 2,000 MEV./c 

The average meson energy should therefore increase with depth. We 
should expect n,n ■. 

<j)}e = 2,000 (25 a) 

c/q z^l 

Because of the increase of with 0, meson tracks obtained in a cloud 
chamber deep under ground should show a markedly higher ionization 
density than the tracks at sea-level. The only relevant experiments of 
this type are due to Hazen (1944 6), which do not show the expected 
increase in density under 30 m. of water-equivalent. It would also be 
interesting to investigate the relative fraction of 77 -mesons at different 
depths. (See also Hayakawa and Tomonaga (1949).) 

3. Momentum Loss in Absorbing Plates 

314. Direct measurement of the loss of momentum of cosmic-ray 
particles traversing metal plates can be carried out in two ways. Either 
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a single cloud chamber with a metal plate placed in the middle of the 
chamber is used; the momentum loss can be determined from the 
difference of magnetic curvature in the two halves of the chamber. 
Or alternatively the curvature of a particle can be measured in two 
chambers separated by an absorber. 

315. In particular Anderson and Neddermeyer (1937) could show 
that cosmic-ray particles can be divided into two types according to 
their behaviour when crossing metal plates. The two types of particles 
are now known to be electrons and mesons. 

The electrons are predominant in the region below 200 MEV./c; they 
lose large amounts of energy and the energy loss is subject to great 
fluctuations. It was shown by Anderson and Neddermeyer (1937) and 
by Blackett (1938 a) that the distribution of energy loss of electrons is 
in accordance with the theory of radiative collisions. 

316. Precise measurements of the momentum loss of mesons have 
been carried out by Ehrenfest (1938 a, 6) using a gold plate 9 cm. thick 
and by J. G. Wilson (1939) using a 2-cm. gold plate. 

The following figures are taken from J. G. Wilson (1939). 

Table 6 

Momentum loss of mesons per cm, of lead in MEV.jc, 

Momentum range 200-400 400-700 

Observed loss 12*1±2'0 14'3±3*6 

Calculated loss for 13-2 14-0 

fj. = 200?ng 

It is clear that the momentum loss of the particles observed in the 
above work can be fully accounted for in terms of ionization. 

317. The accuracy of momentum-loss measurement decreases rapidly 
with increasing momentum, and the experimental results for momenta 
higher than those given in Table 6 must be regarded as tentative. 

Wilson (1939) observed a small number of particles in the momentum 
range of 1,000-2,000 MEV./c which suffered large losses but were not 
electrons; with one exception these particles were of positive sign. 
Wilson considered tentatively the particles entering the plate to be 
protons; judging from ionization density at least some of the outgoing 
particles were mesons. The process may possibly be interpreted in 
terms of protons losing large amounts of energy due to the emission of 
mesons. 

Ehrenfest (1938) did not find any anomaly in the absorption in the 
region round 2,000 MEV./c. Ehrenfest, however, observed under a lead 
screen 16 cm, thick. Because of their large rate of loss protons cannot 
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be expected to be able to traverse such an absorber (compare Ch. IX); 
therefore the results of Ehrenfest and of Wilson do not appear to be 
contradictory. 

4. Scattering 
(a) Multiple Scattering 

318. The scattering of mesons when passing through metal plates has 
been investigated by several workers. The early measurements of 
Blackett and Wilson (1938), in which mesons and electrons were not 
separated, showed that the major effect was due to Coulomb forces. 
The following features were observed: (1) the root mean square of the 
angle of scattering is inversely proportional to the momentum; (2) the 
angles of scattering of one momentum are distributed according to a 
Gaussian. The measurements were extended up to momenta of 2,000 
MEV./c. 

The results of J. G. Wilson (1940) and of Code (1941) are collected 
in the foUowing Table 7. <^> is the projected angle of scattering. 
According to eq. (185), § 243, the product p^^&^y is independent of 
momentum. Table 7 gives the theoretical average value of pV<^> 
various plates; in the last column this value is compared with the 
observed values. 

Table 7 


Observer 

Scattering 

plate 

{theoretical) 

Ratio of observed and 
calculated values 

J. G. Wilson (1940) 

1 cm, Pb 

0-91 

1-01±0-06 


0-3 cm. Pb 

0-48 

l-00±0-13 


2 cm. Cu 

0-73 

0-98±0-10 


2 cm. Au 

1*75 

l-06±0-06 

Code (1941) 

3-8 cm. W 

2-20 

0-98 


The agreement between observed and calculated values is excellent. 
The agreement would not be as good if the observation were compared 
with the scattering calculated for a point nucleus. 


(6) Large-angle Scattering 

319. A few cases of large-angle scattering were found, for which the 
product p& is far too large to be reconciled with the Gaussian distribu¬ 
tion arising from Coulomb scattering. The more recent observations of 
J. G. Wilson (1940), Code (1941), and Shutt (1942) were directed to 
separating these examples of large-angle scattering from the main 
Coulomb group. 
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The occurrence of large-angle scattering is of great interest as it must 
be attributed almost entirely to short-range interaction. The observed 
cross-section for large-angle scattering can be used as sensitive test for 
the correct formulation of meson theory (see §§ 193 and 231). 

Wilson (1940) and Code (1941) both used the direct method in their 
search for large-angle scattering. They both measured the product pd' 
for individual particles and showed the occurrence of deviations from 
a normal Gaussian distribution. 

Shutt (1942), however, avoided the necessity of measuring the 
momentum of individual particles, using the following method. A 
chamber is used containing two plates, one 1 cm. thick, the other 5 cm. 
thick. The distribution of angles of scattering in the two plates is com¬ 
pared and the occurrence of large-angle scattering is deduced statisti¬ 
cally. 

320. The results of the above authors are in general agreement as to 
the occurrence of anomalous scattering. It is difficult to estimate the 
actual cross-section of anomalous scattering from the available observa¬ 
tions, as the fraction of particles subject to such scattering is not known. 

If aU mesons were subject to anomalous scattering, as was assumed 
previously, the cross-section per nucleon would have to be ~ 5x 10“^® 
cm.^ so as to account for the observed rate of occurrence of the effect. 
However, the actual cross-section must be larger, as only a fraction of 
all particles are scattered anomalously. 

It is interesting to note that most of the particles found to be scat¬ 
tered anomalously had positive charge (Code). 



V 

THE INSTABILITY OF THE MESON 


A. Mathematical Relations 

Before discussing the facts connected with the meson decay we give a 
few mathematical relations which are needed for the interpretation of 
the effects connected with meson decay. 

1, Mean Range of Mesons 
(a) Mesons traversing Free Space 

321. Mesons are assumed to decay spontaneously and therefore the 
probability of a meson decaying during any time interval dt is the same, 
and this probability is independent of the previous history of the meson. 

Consider N mesons at the time ^ == 0. The average number of mesons 
still intact at a time t is denoted by N{t)\ the number of mesons decay¬ 
ing in the interval t, is 

-dN(t) = N{t) dtl^Q. (1) 

Integrating equation (1) we find 

N{t) = Ne-il^\ ( 2 ) 

From (2) we see that /q is the mean life of the meson. 

322. To obtain the mean range of a fast meson one has to distinguish 
clearly between apparent life and proper life. The half-life of a meson 
is equal to /q in the rest-system of the meson. Due to relativistic time 
contraction a meson with a velocity v appears to have a half-life 

~ ^qR (^) 

(compare §147). The mean range of a meson with a velocity v is therefore 

= v/q = v/qB, (4) 

and with the help of eqs. (4, 5), Ch. Ill, 

^*iv) = ^P, (5) 

where [jl and P are rest-mass and momentum of the meson. The range 
of a meson increases therefore more rapidly than its velocity. 

The following remark may be useful. In the system of reference 
where the meson is moving, the apparent life of the meson is prolonged 
due to time contraction, and therefore the meson can cover a range 
which could not be covered during the time '/q. In the rest-system of 

3595.40 



178 


THE INSTABILITY OF THE MESON 


[Chap. V 


the meson, however, the time available for the meson is only equal to 
/qj but the range which was found to be equal to in the system where 
the meson was moving appears contracted by a factor IjB in the rest- 
system, and therefore the meson has to hve only for the time the 
contracted range is moving past. 


( 6 ) Mesons traversing an Absorber 

323, In the following we calculate the mean range of a meson passing 
through an absorber (compare e.g. Euler and Heisenberg (1938)). 

Consider mesons with momentum P entering an absorber. Due to 
absorption the mesons reaching a depth 3 will have a momentum 

^(3) < P. 

Denote the average number of mesons reaching 3 by ^( 3 ). The 
average number deca 3 dng in the interval 3 , is obtained with the help 
of ( 1 ) and (3): 

Integrating over 3 we find ^ 

(7) 

^ 0 

The following special cases are of importance. 


(i) Mesons traversing a homogeneous absorber 

324. For fast mesons, i.e. for P > fic, we may assume 
dPjdz = const. = juc/a,- say, 

and therefore P( 3 ) = _ J. (P,—P^), 

3x 

where Jq momentum of the incident mesons and P^ is the momen¬ 

tum of the mesons which have reached a depth 3 = 3 ^. Introducing ( 8 ) 
into (7) we find 

^ . IJ~^\ roi/o“-* IV 

( 10 ) 


( 8 ) 

(9) 




A. 


(ii) Mesons nearing the end of their range 

325. We may use the approximate range momentum relation (169, 
Ch. Ill); we find with help of ( 8 ) 

^(p)^i{Pllic)*.a, ( 11 ) 

and with help of (7) we find 


(12) 
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The fraction of mesons with initial momentum [jlc which decay only after 
being brought to rest is therefore 

^(P = 0)/J^(P = juc) = expJ-^). (13) 

In the case of air at N.T.P. we have approximately 


— = 2-6X 10-3 MEV./cm., a = 4x 10^ cm.; 
di 

further c/q = 6*3 X10^ cm. (see § 345), 

and therefore jV'{P — Q)IJ^{P = jac) = 0*81. (14) 

Thus most slow mesons moving in air at N.T.P. will be brought to rest 
before decaying. The numerical values of course represent only the 
correct orders of magnitude. Using the correct momentum range rela¬ 
tion given in Fig. 30, ^( 3 ) can be evaluated by numerical integration. 
The result of this integration carried out for air at N.T.P. is shown in 
Fig. 52. For convenience both ordinary and logarithmic plots are 
shown. 


(iii) Mesons traversing the free atmosphere 

326, The change in air density with height has to be taken into 
account. For simplicity we assume the density distribution to be 
exponential. Thus w^e assume 

fl( 3 ) = (15) 

where 30 is the height of the homogeneous atmosphere. d{i) is the absorp¬ 
tion equivalent of the atmosphere at the height 3 . 9q is the absorption 
equivalent of the whole atmosphere. 

Fast mesons arriving at sea-level with a momentum must be 
supposed to have had a momentum 

P(3) = Pi+ju,c^(l-e-»/>») (16) 

CL 

at the height 3 . Denoting the loss of momentum throughout the whole 
of the atmosphere by 

P^ = (17) 


we find from (7), (16), and (17) 


(3o/c LqXH'CKPi+Pa)} 


(18) 
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327. As the mesons are unstable they must be assumed to be the 
secondaries of stable primary particles. Assume that the mean range 
of the primaries before giving rise to mesons is 6p, According to (15) 
the mean height of production of the mesons can be taken to be 

dp = 3o^og(^o/^p)- 
Introducing this into (18) we find 


-^(0)/^(3p) = 


^pI pJ 


( 20 ) 


The above equation gives the fraction of mesons which but for the decay 
would have reached sea-level with a momentum 

Equation (20) has been derived on the assumption that all vertical 
mesons are produced at the same height 3 p. This assumption is not 
strictly correct; it must be assumed that the mesons are produced by 
their primaries over an extended range. 

Some numerical values of the decay probability as given in (20) are 
collected in the following table (see also Fig. 52). 


Table 1 

Decay probabilities according to (20) with Pj^ = 2,000 MEV.jc^ 



PiMEV./c = 

200 

400 

1,000 

2,000 

4,000 

10,000 

20,000 

40,000 

100,000 

200,000 


1-200 

0-956 

0-637 

0-422 

0-256 

0-118 

0-062 

0-032 

0-013 

0-007 


The probability of decay of mesons arriving with small velocities can 
be obtained in two steps. One can work out first the probability of decay 
of the meson down to a level where its momentum is of the order of /xc. 
For the rest of its range the variation of the air density can be neglected 
and the probability of decay can be worked out using the graph Fig. 52 
or with the approximate expression (12). 


(iv) Mesons traversing the atmosphere in inclined directions 
328. At any given point in the atmosphere the probability of decay 
of mesons incident at an angle t? to the vertical is greater than for those 
incident in the vertical direction owing to the larger path travelled 
if both are taken to have started at the same height j. The decay 
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probabilities for mesons moving in. inclined directions can be found from 
(18) by replacing go, P^, and by: 

3o = 3o/^osi?, P_^ = i^/cos^*, ^0 = ^o/costS-. (21) 

One must be careful in evaluating the height gp where the mesons 
which are inclined at an angle are produced. Assume that the mesons 
are emitted in the direction of their primaries. The primaries will have 
traversed an absorber equivalent 6p at a point lying at a depth 0p cos& 
below the top of the atmosphere. The inclined mesons can therefore be 
assumed to originate at a height (compare Blackett (1938 6), Freon 
(1942, 4)) 

3p = 3olog 

The decay probability for inclined mesons is therefore found with the 
help of (18) and (21) as 






Pi cos 


^-itoldiX/xcKPiCOB^+PA)} 

P^COsd’j 

(23) 


2. The Decay Electron 
(a) Momentum 

329. The meson is supposed to decay into an electron and a neutrino .f 
In the rest-system of the meson the electron and neutrino must have 
equal but opposite momenta. From the conservation of the energy we 
find for the absolute value of the momentum of the electron 



assuming the rest-mass of the neutrino to be zero. 

In the rest-system of the meson the electron must be assumed to be 
emitted in random direction. Thus we assume the probability of the 
electron being emitted into the solid angle dn to be dD/ 47 r. 

Considering the components, one finds for the probability that the 
a:-component of P is in an interval P^,dP^ 

dS^ = dPJ2P^. (25) 

330. The momentum of the decay electron of a moving meson is 
obtained by a Lorentz transformation. Let us consider a new system 
of reference in which the meson is moving in the direction of the 

t This assumption was taken for granted at the time of the first edition, doubts as to 
its validity have arisen lately. 
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positive a;-axis. We denote the momentum of the meson in the new 
system by and its energy by 

The ii;-component of the momentum of the decay electron in the new 
system is obtained with the help of eqs. (4), (5), (10), Ch. Ill, and (24) 
as follows: 

(26) 

where ~ ^j{c^P\-\-m\c^) is the energy of the decay electron in the 
original system of reference. It is seen from (26) that the component 
of the momentum of the decay electron is inside the interval Pmin> -Pmax 

The probability of finding interval dP' which is inside the 

interval P^in, P^ax is independent of P^^. and it is according to (25) 
and (26) _ dP'l{P^^-P^^). 

Assuming as a first approximation 

Pg, ^ 

(27) can be simplified and it reduces to 

Kh+P^ 


(27) 


(28) 


(29) 


P • = 

min 




m,.ic+p^y 

It is seen that for high meson velocities 


P = I 

max — 2 * 


(30) 


-Pinin'^ 0 and Pniax^P"/.* (31) 

Thus for high velocities decay electrons will be emitted mainly in the 
forward direction uniformly distributed between zero and P. 

For very high energies the expression (30) for becomes invalid, as 
for such energies (29) gives an insufficient approximation of W^/c—P^, 
Neglecting nothing, we find from (24) and (27) 


P = 

mm 




ml 

V 


{w^ic+p^y 


(32) 


The second term in (32) becomes predominant for 

P„ > ^ ~ 10* MEV./c. 

^ 2m^ 


It can be shown easily that for P^ — the velocity of the meson 

is equal to the velocity of the decay electron in the rest-system of the 
meson. It is therefore clear that for larger momentum the decay electron 
is always projected forward. 
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(6) Angle of Emission 

331. The angle between the direction of motion of the meson and 
that of the decay electron can be determined as follows. We have 

tan.?, = PaJPa.., (33) 

where the 2 /-axis is chosen in the direction of the normal component of 
Prf. The components of the momentum perpendicular to the direction 
of motion are not affected by the Lorentz transformation and therefore 

Pa.y = Pa.v = 4(Pl-Plc)- ( 34 ) 

We find with the help of (26) 

tani?<j = . (35) 

We introduce P^^^ — P^(l—2^). (36) 

Comparing (36) with (25) we see that ^ is the probability that the 
electron has a momentum exceeding P^ ^ in the forward direction when 
measured in the rest-system of the meson; ^ is at the same time the 
probability that the electron has a momentum exceeding P^^y. in the 
forward direction when measured in the system where the meson is 
moving. 

Neglecting P^^^ as compared with P^ we find from (35) and (36) 


tarn?. 


_ /xc^ / ^ 
- 


or ^ = 


tan^T?^ 




(37) 


As the angle decreases monotonically with increasing P^ y, we conclude 
that ^ is the probability that the electron is emitted at an angle smaller 
than 

Inserting ^ J into (37) we find 


ta.nd'a = ^ for ^ i 

thus half of the decay electrons are emitted inside a cone with the 
opening angle 219*^ = 2/xc^/TI^. This result bears some analogy to the 
distribution of light emitted by a fast-moving source dealt with in § 152. 
The probability of an emission at an angle exceeding 45° is found to be 
about 

Thus the decay electrons of a fast meson are concentrated into the 
forward direction. This effect is very similar to the Doppler effect as 
discussed in § 152. The difference between the Doppler effect and the 
emission of decay electrons is that there is always a finite Doppler 
intensity backwards, while a sufficiently fast meson emits in the forward 
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direction only. Physically the difference is due to the finite rest-mass 
of the electron. Decay electrons can only be projected backwards if the 
velocity of the meson is smaller than that of the electron. In the case 
of the photon emission the velocity of the photon always exceeds that 
of the emitting particle and therefore the photon may move forward or 
backward. 


B. Experimental 
1. Direct Evidence 
(a) Photographs of Meson Decay 
Discussion of photograph of Williams and Roberts 

332. Direct evidence for the decay of the meson was obtained with 
the cloud chamber. The first photograph showing a decaying meson 
was obtained by Williams and Roberts (1940) (see Plate 2). Similar 
photographs were obtained by others. Recently Powell has obtained a 
microphotograph of a Ti-meson decaying into a /x-meson and the /x-meson 
emitting an electron all inside an emulsion (Plate 7). We discuss the 
photograph of Williams and Roberts in the following. 

The thick track stretching from .4 to is that of the incident meson. 
From the end of the meson track a thin track FO emerges. The thin 
track is assumed to be the track of the decay electron. 

333. The meson track is much thicker than the track of the decay 
electron and is also much thicker than the tracks of a number of electron 
tracks seen on the same photograph; thus it is the track of a slow 
particle. 

The photograph is taken in a magnetic field of 1,180 gauss. The curva¬ 
ture of the meson track between A and C is about 70 cm. and therefore 
the momentum of the particle at the point B is estimated as 

300.70.1,180.10-6 MEV./c 
= 25 MEV./c. 

Assuming that the particle has come to the end of its range in F, the 
remaining range is RP and is equal to 41 cm. air N.T.P. From the 
momentum range one finds that the mass of the particle giving rise to 
the track AF must be 

^ = (250±70)m,. 

Thus the incident particle must be a meson. 

We note that the track AF is very different from the track of an 
electron or a proton. An electron track of the same density would have 
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been curled into a small spiral, while a proton track showing the initial 
curvature AC would be expected to have a remaining range only one- 
tenth of the observed range BF, Thus the track must be due to a 
particle of intermediate mass. 

334. The momentum of the decay electron is expected to be 50 
MEV./c, and to have a radius of curvature of 140 cm., if the decay 
products are one electron and one neutrino. The curvature could be 
larger if three decay products were emitted. Only a very short but 
straight section of the electron track is visible and not much informa¬ 
tion as to the energy of the decay electron can be obtained. 

335. Though the photograph, Plate 2, shows all the features one 
would expect for a photograph showing a decay process it is useful to 
refute a number of alternative interpretations of the photograph. 

1. One might try to assume that the process seen in Plate 2 does not 
represent a decaying meson but a fast particle coming from G, being 
scattered through a large angle at F, losing thereby most of its energy. 

This interpretation cannot be correct, however, for several reasons. 
In case of a large-angle scattering of a fast particle a recoil particle 
should appear, while on the photograph there is no indication of a recoil 
particle. 

Besides, there can be no doubt about the direction of motion of the 
slow particle. The slow particle moves downwards from Ato F and not 
in the opposite direction for the following reasons. A S-track is emitted 
from the point E moving initially downwards in the direction of the 
meson. Eurther, the number of S-tracks emitted increases along the 
meson track when going downwards. This is to be expected as a result 
of the slowing down of the meson. Finally, the end of the meson track 
near F shows a large-angle deflexion. Such deflexions are to be expected 
near the ends of slow tracks. 

The large-angle deflexion near the end of the track gives also evidence 
that the meson has come to rest somewhere near F before decay. 

2. The direction of motion of the slow track being known, the slow 
and the fast tracks cannot be interpreted as an electron pair due to a 
photon absorbed in A. 

3. The possibility that the two tracks are independent could not be 
ruled out altogether. One might for instance assume that the slow track 
ends in A, and by accident a fast photo or Compton electron is produced 
by a photon at the same point. The probability for such a process is, 
however, so small that such a coincidence need not be considered 
seriously. 
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Estimated rate of decay photographs 

336. There seems to be no reason to doubt the interpretation of the 
photograph shown in Plate 2 as the track of a decaying meson. It would 
be desirable, however, to obtain more photographs of this kind. The 
rate of photographs obtainable showing decaying mesons is small 
under most practical conditions as shown by the following calculation. 

In estimating the rate of occurrence of photographs showing decaying 
mesons, two types have to be considered. 

1. A meson is brought to rest in the gas of the chamber and decays 
afterwards. 

The rate of mesons under an absorber of 9 grams per cm.^ at sea-level 
is, according to § 312, 

jr(e) = (38) 


with Bq = 1,000 grams per cm.^ the absorbing equivalent of the atmo¬ 
sphere. 

The fraction of mesons stopped in an absorber of thickness dd is 


djy' ^.ode 
^( 0 ) ’ ^ 0 * 


(39) 


Considering a chamber filled with air of atmospheric pressure having 
a diameter of about 30 cm. we can put 

dd — 0*04 gram per cm.^, 


where dd is the absorbing equivalent of the air in the chamber. We find 
from (39) for the fraction of mesons being brought to rest in the gas of 
the chamber = 6.10-5. (40) 


Thus taking photographs of mesons traversing the chamber one expects 
one meson stopped in the gas for every 13,000 photographs. 

337. We shall see later that only about every second slow meson 
decays and therefore the rate of photographs showing decaying mesons 
is only half of that estimated for mesons stopped in the gas. 

The rate of mesons stopped in the gas is of course proportional to the 
pressure inside the chamber. A better yield can therefore be obtained 
using a high-pressure chamber. A chamber filled with 100 atm. of air 
is described by Johnson, Benedetti, and Shutt (1943). 

The rate of decaying mesons to be expected in a chamber is small. 
Assuming that 1,000 particles per hour are crossing the chamber, one 
expects one meson to decay inside the chamber in every 13 hours. The 
decay electron could be used to trigger the chamber (compare § 277), and 
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thus it should be possible to obtain several decay photographs per day 
with a chamber operated at ordinary pressure. 

2 . A meson might decay inside the chamber without having been 
brought to rest. The probability of a meson decaying along a path 3 is 
according to ( 6 ) 

^ ( 41 ) 

UqP* 

For a chamber of 30 cm. diameter we thus obtain 


1 JJLC 


2,000 P‘ 


( 42 ) 


The above expression is only valid if the loss of momentum in the gas 
can be neglected compared with P. For very slow mesons the probability 
of a meson decaying in the chamber does not increase with decreasing 
momentum as one might expect from (42). The rate of mesons with 
momentum inside an interval dp was shown to be proportional to 
ll{d^ldp) (compare ( 8 ), Ch. IV). Using the approximation (9), Ch. IV, 
we find therefore for slow mesons 




p2 


(P <^c); 


(43) 


2,000 (juc)2 

the relative number of mesons with momentum 0 < P < //.c decaying 
in the chamber is ^ 


2 , 000 * 


Thus, apart from mesons actually brought to rest, momenta in the region 
of ~ fjLC are most favourable for the observation of decaying mesons. 

338. A fast meson decaying in the gas of the chamber may be difficult 
to recognize. If the angle of emission is small, the process cannot 
be distinguished from a meson being scattered in an elastic collision. 
Therefore the process can only be recognized as decay if the decay 
electron is emitted at a large angle to the direction of the meson. 

The probability that the decay electron is emitted at a large angle is 
of the order of (jac/P)^. Assuming for the differential spectrum 
(S{p) = (5(0)(p+2,000)-2-6, 

we obtain for the fraction of mesons with momentum p > 2 /xc which 
decay in the chamber and emit electrons at large angles 

00 

J dp 

1/50,000. 

J Q{p)dp 
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This process is therefore very rare. It is seen therefore that photographs 
of decaying mesons are expected most frequently of mesons which have 
been brought to rest in the chamber. 

(b) The Neutrino 

339. No direct evidence for the emission of the neutrino in the decay 
can be obtained from cloud-chamber photographs. Valuable indirect 
information could be obtained, however, by taking photographs of 
decaying mesons in a magnetic field which is sufficiently strong to permit 
the measurement of the momentum of the decay electron. 

340. The conception of the neutrino was originally introduced by 
Fermi in order to safeguard the conservation of momentum, energy, 
and angular momentum in the process of j8-disintegration. The cross- 
sections derived for the interaction of neutrinos with matter are, 
however, so small that the probability of observing a neutrino inter¬ 
acting with matter seems to be negligible. 

It is very unsatisfactory to have to assume the occurrence of such a 
particle which has no observable properties: it was therefore suggested 
by Bohr that it might be preferable to assume the breakdown of the 
conservation laws instead of assuming the existence of a neutrino. 

341. The point of view accepted by many physicists is that the 
assumption of the existence of the neutrino should be made subject to 
the outcome of the following kind of experiment. 

After the emission of a j8-particle by a j8-active nucleus a certain 
amount of energy is ^missing’; this energy may be attributed to the 
neutrino. At the same time it is expected that the momentum of the 
system consisting of jS-particle and nucleus alone is not conserved during 
the decay; the ‘missing’ momentum may be attributed to the neutrino. 
It is argued that it is reasonable to attribute the missing momentum 
and the missing energy to one particle if these quantities obey the 
energy momentum relation (6, Ch. Ill) in each individual case observed. 

Experiments of this kind have been carried out by Halpern and 
Crane (1939) using radio chlorine (CP), and improved by Allen (1942) 
with Be'^. The experimental results obtained favour the existence of the 
neutrino. 

342. If the /x-meson decay was a decay into an electron and a 
neutrino, as was believed for some time, then according to the con¬ 
servation laws the energy of the decay electron would be very nearly 
^c^/2. Measurement of this decay energy might give clear evidence 
for the existence of the neutrino. 
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343 , Measurements of Steinberger (1948) have shown that the ranges 
of decay electrons in paraffin show too large straggling to be compatible 
with the assumption that all decay electrons have the same energy. 
Measurements of Leighton, Anderson, and Aaron (1949) in a cloud 
chamber, and measurements of the Bristol group in photographic 
emulsions have shown that the decay electrons have in fact a con¬ 
tinuous spectrum ranging from 0 to 50 MEV./c; the spectrum is com¬ 
patible with the assumption of a three-particle decay into one electron 
and two neutrinos. 


(c) Direct Measurement of the Half-life of the Meson 

344 . The half-life of mesons can be measured directly in the following 
way. An absorber is placed between two sets of counters, Eig. 53. 

Meson entering the absorber from above are 

recorded by the top set of counters. The lower 
counters are made sensitive by an electric arrange¬ 
ment for a short period after the discharge of any 
of the top counters. The lower counters are made 
to register only pulses which occur at a time more 
than t-^ sec. but less than t^ sec. after any pulse of 
the top counters. Such pulses may occur when a 
meson discharges the top counters and is afterwards 



Decay 

electron 


Fig 63 Arrangement inside the absorber and decays after 

for measuring the half- S' time t with t-^ <i t <^t^, 

life of the meson. Experiments of this kind have been carried out 

by Montgomery, Ramsey, and Cowie (1939), but they were indecisive. 
The main difficulty with the arrangement as shown in Fig. 53 is the large 
background. There are a very large number of discharges of the top 
counters not due to mesons stopping in the absorber. Thus only a 
minute fraction of the master pulses of the top counters can be expected 
to be accompanied by delayed pulses due to decay taking place inside 
the absorber. Accidentally delayed pulses due to any cause are there¬ 
fore very important and tend to mask a real effect. 

345 . An improved arrangement to measure the meson life was used by 
Maze (1941), by Rasetti (1941), by Auger, Maze, and Chaminade (1942), 
by Rossi and Nereson (1942, 3), and by Conversi and Piccioni (1949). 
The arrangement (Fig. 54) works as follows. The absorber S is placed 
below a coincidence arrangement I—II. A set of anticoincidence counters 
A is placed below S. Anticoincidences I, II ,—A are caused mainly by 
coming from above and stopping in S. To reduce the effect 
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of showers the top counters are surrounded by lead and a lead block 
10 cm. thick is placed between the coincidence counters. Due to this 
selection the anticoincidences are mainly due to mesons stopping in S. 

The sides of the absorber S are covered with a counter battery. 
The counter battery is made sensitive immediately after each anti- 
coincidence. If any of the counters a are discharged shortly after the 
coincidence pulse, then the pulse is recorded and the time delay between 



Delayed 

anti coincidence 


Fig. 54. Improved arrangement for measuring the half-life of the meson. 


the anticoincidence and the pulse of the counter a is also recorded. 
Such delayed pulses are mainly due to mesons stopping in S and emit¬ 
ting a decay electron afterwards. The registered time delay can be 
regarded as the time spent by the meson in the absorber before it 
decayed. 

As a result of extensive measurements it was found that the rate of 
delayed pulses corresponding to delays greater than t is given by 


with 

/q = 


^ {> t) 


(44) 


l*5±0-4 /xsec. 
2 - 2 ± 0-2 
2-15±0-15 „ 
2-33±015 „ 


Rasetti (1941). 

Chaminade, Fr^on, and Maze (1944), 
Rossi and Nereson (1943), 

Conversi and Piccioni (1944). 


The above data refer to positive mesons; negative mesons show a more 
complicated behaviour. 

From equation (44) it is seen that mesons decay at random times. 
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346. The above experiments have no bearing on the question whether 
mesons with a half-life much less than 2 jusec. occur (see § 220) as decay 
electrons emitted after a time much less than 2 ^usec. would not have 
been resolved. 

347. It was noticed by Easetti (1941) that only about half of the 
mesons stopped in a lead or iron absorber emit decay electrons. This 
seemed natural as negative mesons are expected to be captured by 
nuclei in a time much shorter than (Tomonaga and Araki (1940)). 
Thus only the positive mesons are expected to last long enough for 
spontaneous decay. 

That the decay electrons emitted in lead or iron absorbers are in fact 
caused by positive mesons was shown experimentally by Conversi, 
Pancini, and Piccioni (1945). Magnetized steel bars in the path of the 
meson were used to discriminate between positive and negative mesons. 

348. It was found subsequently that the capture of negative mesons 
becomes less important for light elements. 

The competition between nuclear capture and spontaneous decay 
gives rise to an effective decay time for negative mesons which 
depends strongly on the atomic number of the element and differs from 
the unaffected decay time /q of the positive meson. A few results are 
collected below: 


Element 

Pit 

Pe^ 

NaFX 


on 

/'/A 

<1 

^ 0-5 

1 


2. Indirect Evidence for the Instability of Mesons 

349. The absorption of a beam of fast /-t-mesons is mainly due to two 
processes. Pirstly, ordinary absorption: that is, mesons are slowed down 
due to elastic collisions. Secondly, mesons are removed from the beam 
due to the spontaneous decay. The ordinary absorption is nearly mass- 
proportional, while the decay is quite independent of the material. The 
two effects together give rise to the so-called absorption anomaly. This 
is that the mass absorption of a beam appears to be greater in air than 
in a dense medium. All measurements of the half-life of fast mesons are 
connected with observations of the absorption anomaly. 

{a) Observation of the Absorption Anomaly 

(i) Directional distribution 

350. The absorption anomaly was observed by Pollet and Crawshaw 
(1936); they found that the vertical intensity at a depth 6 under ground 
t Conversi, Pancini, and Piccioni (1947). J Ticho and Schein (1948). § Nereson (1948 a, b). 
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is larger than the intensity at sea-level inclined at d' to the vertical, 

(0+0o)cos& = 00- (46) 

If the absorption of the cosmic rays in various materials was propor¬ 
tional to mass, the two intensities would be equal. 

The absorption anomaly was also observed by Auger, Ehrenfest, 
Freon, and Fournier (1937) in a series of counter experiments. The 
intensity of cosmic rays at various heights and in various directions was 
measured.' If the cosmic-ray particles were stable, as they were supposed 
to be at that time, the cosmic-ray intensity in any direction and at any 
height above sea-level should be a function of 0sec&, where ^ is the 
angle of incidence and 9 is the absorption equivalent of the atmosphere 
above the observer. In particular, the vertical intensity observed at A 
should be equal to the intensity in a direction inclined by d' to the 
vertical at a point 5, provided 

(47) 

where 0^, 6^ are the absorption equivalents of the atmosphere above 
the points A and jB. The observations of Auger and co-workers showed 
that these two intensities were in fact very different, the vertical 
intensities at the lower stations being considerably larger than the 
corresponding inchned intensities at the higher stations. 

351, The anomalies were interpreted in terms of the instability of the 
meson by Kulenkampff (1938). Considering mesons of momentum 
arriving vertically at A and those at an angle & Sbt B the ratio of the 
intensities is found with help of (20) and (23). 

To get an idea of the magnitude of the anomaly, the following 
numerical values may be considered. At the Jungfrau Joch (3,400 m. 
above sea-level) we have 6jg = 600 grams/cm. ^ Comparing with sea-level 
observations we have a 

cos^ = -^ = 0-6 

and & — 53°. Thus the intensity inclined at 53° on the Jungfrau can 
be compared with the vertical intensity at sea-level. Assume = 
2.10^ eV. and as a rough average Pi = 10® eV. Assuming further 
Op = dJlO, which means that the mesons are produced at a height of 
about 16 km., we find 

^(0^,z?)/.^(eo,O)-i. (48) 

Auger and his co-workers found for this ratio 0-6; thus the calculated 
value is of the right order of magnitude. A better agreement could not 
be expected in view of the very schematic treatment. 

3596.40 rt 
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(ii) The temperature effect 

352. A negative correlation between temperature and cosmic-ray 
intensity bas been found. This effect can be accounted for according 
to Blackett (1938 6 ) in terms of the instabihty of the meson. Consider 
a change of the atmospheric temperature by 80. If this change is not 
accompanied by a change of pressure then it can be assumed to cause 
an expansion of the atmosphere, and the height of the homogeneous 
atmosphere can be assumed to change by 


- S© 
o3o — 


The corresponding change of the rate of mesons with momentum 
arriving vertically at sea-level is obtained from (20) and (49): 


To obtain the temperature coefficient we have to average jjV' over 
the momentum spectrum. We may put in good approximation 


Introducing into (51) the numerical values given in eqs. ( 21 ), Ch. IV, 
and ( 22 ), Ch. IV, and assuming = 2 , 000 , d^jdp = 10 , 0 = 300, we 
obtain for the temperature coefficient (e.g. Duperier, 1944 6 ) 


r ^0 = = —0-36 per cent, per deg. K., (52) 

which is slightly larger than that foxmd by Compton and Turner (1937) 
and by Clay (1939) from the seasonal variation of cosmic-ray intensity, 
namely 

= —0-18i0-011 per cent, per deg. K. 

The agreement between the data is as good as could be expected. For 
detailed discussion see Duperier (1948). 


(iii) Barometer effect 

353. Closely connected with the temperature effect is the barometer 
effect. An increase of the air pressure by db cm. Hg corresponds to an 
increase of the absorption equivalent of the atmosphere by 

dl9 = d6.13-6. (53) 

Apart from the effects due to instability, the change in pressure causes 
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therefore a change in intensity. The barometer coefficient due to this 
process can be obtained with help of eq. (25), Ch. IV, as 

^ Jb = ~ — 100 — = — 2*1 per cent, per cm. Hg. 

• ( 54 ) 

The increase of pressure is accompanied by an increase of 3 q ; we 
have 

^3o “ 

Neglecting changes in and 6q under the logarithm we find for the 
regression coefficient of this second effect, with the help of ( 20 ), (50), and 

( 51 ), ^ 

== IVe = —1*4 per cent, per cm. Hg. (56) 


Adding the two effects we find 

r^& = = —3-5 per cent, per cm. Hg. 

The above value for the barometer coefficient is somewhat larger 
than the value obtained from observations with the ionization chamber 
but it agrees well with the counter observations of Duperier (1944a), 

namely _ — 3*45 per cent, per cm. Hg. 


(iv) Effects of temperature and pressure distribution 
354. The main weakness of the preceding treatments of the tempera¬ 
ture effect and of the barometer effect is that the atmosphere is assumed 
to have uniform temperature distribution. In reality the temperature 
of the atmosphere changes with height and a change of pressure or 
temperature near sea-level may be accompanied by a comphcated 
change of the temperature distribution. 

The height of formation of mesons is given by 


3 



©o’ 


(57) 


where 6(0) is the temperature at a level corresponding to a pressure 
b = 0/13*6. The values of 0(0) can be obtained from meteorological 
records and thus 3 can be evaluated for the periods of observation. 
Comparing records obtained during periods of equal pressure but 
different temperature distributions one expects a good correlation 
between 3 as obtained from (57) and the observed intensities. 

A correlation of this kind was carried out by various observers. 
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Duperier (19446) carried out the correlation with various assumptions 
as to the value of dp. The correlation coefficients thus obtained are as 
follows: 

Table 2 


$£ gm.lcm.^ 

Height in km. 


100 

16-1 

-0*67 

153 

13-5 

-0-54 

265 

10-3 

-0-32 

510 

5-5 

-0*30 


The correlation improves with decreasing dp; the best correlation is 
foxmd for dp = 100 grams per cm.^, the smallest value used. 

These results show that most mesons are produced by primaries with 
a mean range of the order of or smaller than 100 grams per cm.^ 

355. It seems to be possible to account for both the barometer effect 
and the temperature effect on the lines described above. Many details 
are, however, still obscure and much more experimental material will 
be needed. 

The barometer and temperature effects may in future prove to be 
very useful to meteorology as the variations of cosmic radiation may 
be found to be a useful indicator of the temperature and pressure 
distribution of the atmosphere. 

The main difficulty for the meteorological application seems to be 
that the cosmic-ray intensity shows occasional variations due to causes 
which cannot be traced. Variations occur in connexion with magnetic 
storms. There are cases where the correlation of the magnetic intensity 
with the cosmic-ray intensity is very pronounced. The detailed con¬ 
nexion is, however, very obscure. Large magnetic disturbances may be 
accompanied by large or small changes of intensity and cases of large 
changes of intensity during slight magnetic disturbances have also been 
observed. 

(6) Measurement of the Ratio 

356. The observation of the absorption anomaly permits the experi¬ 
mental determination of the ratio /x/Zq. As 4 can be measured directly, 
the anomalies can be used to determine the rest-mass yu. 

The effects described in §§ 350-5 were analysed by Euler and Heisen¬ 
berg (1938) and it was found that they can be interpreted by assuming 

/o = 2-7.10-*6 sec. for /x = 80 MEV./c^. 

(The value of [m was of course assumed to be known from cloud-chamber 
evidence.) 
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These effects are, however, not very suitable for the exact determina¬ 
tion of the ratio as their interpretation depends upon gp, the height 
of formation of the mesons, and also on the air distribution over the 
observer. Experiments which permit a simpler interpretation have been 
carried out by Eossi, Hilbery, and Hoag (1940), and by Neher and 
Stever (1940), and others. 

Anomaly under controlled conditions 

357. In these experiments it is attempted to compare the absorption 
of a weU-defined cosmic-ray beam in air with the absorption of a similar 
beam in a dense material. The absorption in the dense material can be 
chiefly attributed to the stopping down of mesons in the absorber. In air 
the absorption is due to both the stopping down of particles and the decay 
of mesons. The difference between the absorption in a dense absorber 
and an equivalent amount of air gives the effect due to decay alone. 

358. A difficulty arises, as according to Fermi (1939) the rate of loss 
of particles in a gaseous state may differ from the rate of loss in the 
same element when in the solid state, the reason for the difference being 
the polarization of the crystal lattice by the passing particle. Calculation 
showed, however, that the effect of polarization is small and it cannot 
be responsible for more than a small fraction of the observed anomalies. 

Average decay probability of the mesons in the hard component 

359. The actual experimental procedure of Rossi, Hilbery, and Hoag 
(1940) is as follows. 

The vertical meson intensity was measured with a coincidence 
arrangement at various heights above sea-level; and thus an absorption 
curve of the meson intensity in air was obtained. At each elevation the 
absorption of the cosmic-ray beam was measured in carbon by placing 
absorbers of carbon on top of the coincidence arrangement. 

The experimental results thus obtained are shown in Fig. 55. The 
full curve represents the height-intensity curve obtained without carbon 
absorber. The dotted lines branching off the main curve show the 
absorption of the cosmic rays in carbon at the various stations. The 
difference between the dotted and full curves is due to decay. 

360. If all mesons had the same momentum p, then the fraction of 
mesons decaying in a layer dd of air would be 

dd iJL \ 
k ^qp' 


where k is the density of air. 


(58) 
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The rate of absorption due to decay is obtained by averaging over 
the spectrum. We find 


And therefore 




_ k (1 Id^ 1 

■^0 dense material ^l^^/air- 



Fig. 65. Intensity of hard component as function of atmospheric 
depths. From Rossi and others, Ph^s. Bev. 57, 466. 


The numerical results of Rossi, Hilbery, and Hoag (1940) are col 
lected in the following table. 


Table 3 




im\ 




^\dej^ 

^ \ carbon 

iiioipy 

Depth interval 

10”® cm.^jgm. 

10“® cm.^lgm. 

18' 

’C. 

61^700 

2*42 

1-08 

9-4i:0-9^ 


699-786 

2-295 

1-16 

9-9±l-2 1 

1 X 10 ® cm. 

857-944 

1-824 

0-84 

9*6±l-7 1 

1,010 

1-47 

0-69 

9-4±l*6j 
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Assuming l/<l/ 2 }> = 1,300 MEV./c, the value obtained from Black¬ 
ett’s spectrum near sea-level, one finds 

/q = 2.10-® sec. for fjuc^ = 100 MEV. 

This value is in good agreement with the directly observed values of (m 
and /q* The main uncertainty of the method lies in the fact that the 
energy spectrum has only been measured at sea-level. One would 
expect <l/p) to change with height. The good agreement between the 
values of c/q obtained at different heights seems to indicate that the 
value of <l/p) does not in fact change very much. 

Decay probability as function of momentum 

361. The uncertainty due to the energy spectrum can be eliminated 
by using an arrangement due to Rossi and Hall (1941); see also Rossi, 



S 



Fig. 56. Experimental arrangement of Rossi and Hall. 
From Rossi and others, Phys. Bev. 59, 224. 


Greisen, Stearns, Froman, Koontz (1942), Bernardini and Festa (1943), 
and Bernardini (1943). This arrangement enables one at the same time 
to measure the dependence of the apparent lifetime /q on. p; it is 
described in the following. 

The coincidence arrangement 1, 2, 3 is replaced by an anticoincidence 
arrangement A, B, C, D,—F (Fig. 56). The anticoincidence counters 
F are placed below the coincidence system and are separated by some 
absorber. Anticoincidences are caused by particles which have a sufficient 
range to cause coincidences A, B, C, D but have too short a range to 
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penetrate the additional absorber S placed between the coincidence and 
anticoincidence counters. Thus anticoincidences are caused by particles 
inside a defined range interval and therefore by particles inside a defined 
momentum interval Px<p< p^- 

The rate of mesons with momentum between p^ and p^ is measured 
under the following two conditions. 

1 . At a height 3 ' with no absorber S above the arrangement (Fig. 57). 



2 . At a larger height 3 " with an absorber S above the arrangement 
having an absorbing effect equal to the layer of air between the two 
heights. Without decay the two intensities would be equal; the ratio 
of the intensities can be used to determine the apparent lifetime of 
mesons in the interval p^ to p^. 

The dense absorber compensating for the air was of iron. The Bloch 
formula (§ 237, eq. (164), Ch. Ill) was used for the comparison of the 
air and iron absorption equivalents. According to the Bloch formula 
one finds that 147 grams per cm.^ of air is equivalent to 200 grams per 
cm.^ of iron. 

In this way Rossi and Hall (1942) found the following values for the 
mean ranges of mesons: 

Table 4 


Momentum 

10 = mean range 

in 10® cm. 

Group of mesons round 


500 MEV./c 

4-5±06 

Mesons with momentum 


exceeding 680 

13-3±0-9 


It is seen from the above data that the mean life of mesons increases 
with increasing momentum. 
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362. The ratio for /o/jn, is obtained from Table 4 as follows: 

= (3±0*4) //,sec./MEV. 

Using the observed value for /q we find 

^ = (150±20)m,. 

The above value is lower than that observed in the cloud chamber. 
The discrepancy cannot be taken seriously because of the large experi¬ 
mental errors involved. 

363. Bernardini (1943) discussed measurements of the absorption 

anomaly carried out by various observers. He comes to the conclusion 
that all results reported were compatible with the ratio as given 

above. In particular it was stressed that inside the experimental errors 
the same value for the ratio is obtained for various heights between 
sea-level and 3,500 m. above sea-level. 

Prom this analysis it is seen that the anomaly can be accounted for 
satisfactorily without resort to mesons of half-lives different from the 
ordinary ju-meson. The half-life of the 7r-meson is too short to effect the 
decay experiments described here. 


(c) The Relativistic Time Contraction 

364. The observation of the absorption anomaly is of great interest 
as this anomaly depends not on the proper life /q of the meson but 
upon its apparent life /q given in (3). 

The proper lifetime /q of tho meson can be measured directly, as was 
shown in § 345. The analysis of the absorption anomalies can be used for 
determining /q. The comparison of the two measurements can be used 
therefore to check the relativistic relation (3) experimentally. This is 
noteworthy as this method permits us for the first time to test experimen¬ 
tally the relativistic time contraction in a region where this contraction 
does not give rise to a small effect but gives rise to a factor exceeding ten. 

365. The relation (3) is confirmed at least roughly by the measure¬ 
ments of Rossi and Hall (1941) and in more detail by Rossi and others 
(1942), see § 361. 

It can be seen, however, that an assumption to the effect that is 
not contracted would lead to serious contradiction with observations. 


Indeed, if no time contraction took place the range of fast mesons 


would be 


v/q ~ c/q ~ 600 m. 


This value is completely incompatible with the results described in 
previous paragraphs. 



VI 

SOFT COMPONENT 

366. The soft component of cosmic rays consists of electrons and 
photons. In the present chapter we shall deal with the theory of the 
passage of fast electrons and photons through matter; we shall follow 
the ideas of Bhabha and Heitler (1937) and of Carlson and Oppenheimer 
(1937). In the later parts of this chapter it will be shown that most of 
the observational results concerning behaviour of the soft component 
can be accounted for in terms of electrons and photons. 

The origin of the soft component is, however, only partly understood. 
The soft component at high altitudes is probably mainly due to primary 
electrons incident on the top of the atmosphere. The existence of 
primary electrons is, however, not altogether certain; the arguments 
in favour of the existence of primary electrons will be dealt with in 
Chapters VII and VIII. 

The soft component at medium heights is at least partly secondary 
to the meson component. The main processes responsible for the 
secondary soft component are the emission of decay electrons and the 
production of electron secondaries. In heavy elements the emission of 
bremsstraJilung by mesons is of importance for the production of ener¬ 
getic cascades. 

A. Cascade Theory 

I. Statement of the Problem 

367. Fast electrons traversing matter lose energy mainly in inelastic 
collisions and in radiative collisions. The first process gives rise to 
ionization along the path of the electron while the second process results 
in the emission of photons. 

The rate of loss of energy due to ionization increases only slowly with 
increasing energy of the primary; the relative rate of loss of energy 

decreases with energy. 

The rate of loss in radiative collisions is roughly proportional to the 
primary energy of the electron. Therefore the relative rate of loss is 
about constant; thus we have 

/d6)j,s,eda,tioJW ~ const. 

Hence the higher the energy of an electron, the larger amounts of energy 
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it is likely to lose in its first few collisions. The range of energetic 
electrons is therefore severely limited by radiation and it can be shown 
that the range of electrons increases only slightly with increasing 
primary energy. 

Energetic photons traversing an absorber are likely to be absorbed 
while giving rise to pairs of electrons. The order of magnitude of the 
cross-section for pair production is independent of the energy of the 
photon provided the energy exceeds say 10 MEV. Therefore the range 
of photons, like the range of energetic electrons, does not increase with 
increasing primary energy. 

Considering the cross-sections for pair production and for radiative 
collisions as given in §§ 245, 246, we find the following values for the 
mean ranges of electrons and photons: 


Table 1 



Mean range in cm. 


Lead 

Aluminium 

Electrons 

0-6 

10 

Photons . 

0-7 

14 


368. An electron falling on an absorber is soon slowed down, its 
energy being transferred to a small number of energetic photons. An 
energetic photon when absorbed giving rise to an electron pair produces 
at least one energetic electron, as at least one of the electrons of the pair 
must have an energy of the same order as the energy of the photon. 

Thus electrons when absorbed give rise to energetic photons and the 
photons in their turn give rise to energetic electrons. The process goes 
on and the primary energy is distributed to a growing number of elec¬ 
trons and photons. The process comes eventually to an end due to the 
loss of energy by ionization. 

The above process is called an electron cascade. It was first pointed 
out and investigated by Bhabha and Heitler (1937) and by Carlson and 
Oppenheimer (1937) (Fig. 58). 

369. In the first part of this chapter we shall reproduce the mathe¬ 
matical treatment of the cascade process. Thus we shall deal with the 
question as to the numbers of photons and electrons produced in a given 
absorber by a primary electron or photon. 

We note that this problem is essentially a statistical problem. The 
laws of colHsions are probability laws and therefore the exact number 
of secondaries produced by a given electron varies. 
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In the following treatment of the problem we shall determine the 
average number of secondaries produced by a primary of given energy; 
further we shall quote some results as to the scatter of the actual 
numbers round the average. 

The mathematically very difficult stochastic problem of determining 
how the actual numbers of shower particles are distributed round the 
average number has not been solved so far. 



Fia. 58. Schematic representation of cascade shower. 


We shall follow a procedure given by Landau and Rumer (1938) 
and elaborated by Snyder (1938), Serber (1938), Iwanenko and Sokolow 
(1938), Tamm and Belenky (1939, 46), Schonberg (1940), Rossi and 
Greisen (1941), Bhabha and Chakrabarty (1943). 


2. The Diffusion Problem 
(a) Preliminaries 
Units of length and energy 

370. The cross-sections for radiative colhsions and for the production 
of electron pairs by photons are both proportional to 


4Z2 

137 


^2 


log,(183Z-i), 




rrigC'^’ 


It is therefore useful to introduce as the unit of length in an absorber 


A=(^ilog,(1832;-i)]“\ 


where N is the number of atoms per unit mass. 
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It is convenient to introduce an energy equal to the energy lost 
due to ionization by a fast particle along one cascade unit. 

We have thus . (2) 

\ /collision, Pr=TVc 

We note that the rates of loss due to ionization and due to radiation are 
about equal for an electron of energy 

For energies below the loss due to ionization is more important 
than that due to radiation, above the energy loss due to radiation 
becomes predominant. 

371. In the following we shall write ^ for a thickness expressed in 
cascade units and we shall write w for an energy when expressed in 
units of Thus we have 

1 = 0/A, w = Wm,. (3) 

The rate of loss of energy due to ionization expressed in cascade units 
is nearly unity: 

(compare (2)). (4) 

The critical energy and the cascade unit A have the following 
numerical values-.t 


Substance: 

Air 

HaO 

A1 

Ee 

Pb 

Wc 

103-0 

114-6 

55-56 

25-88 

6-927 MEV. 

A 1 

34-200 

43-4 

9-80 

1-84 

0-526 cm. 

^ ( 

44-2 

43-4 

26-5 

14-4 

6-83 gm./cm.2 


372. The probabilities for radiative collisions are independent of 
material, if expressed in cascade units, provided full screening can be 
assumed (compare § 245). The latter condition is fulfilled for the 
collision of an electron energy W, producing a photon energy W' 
provided we have 


W{W-W') 


> mz-K 


(5) 


For light elements the condition (5) affects mainly particles with 
energies below while for heavier elements collisions involving ener¬ 
gies appreciably above are still affected (see Fig. 59). 

For mathematical convenience we shall disregard the condition (5). 
This will cause errors in the calculated numbers of low-energy particles, 
the errors being more serious in the case of heavy elements than in the 
case of lighter elements. 


t Arley (1938) gives a slightly different definition, see § 390, eq. (79). 
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We shall thus base further calculations on the following probabilities. 

Let (6) 


with 


_ 1 
““ “ 91ogl83Z-f 


(6 a) 



The quantity ag depends slightly on Z, As oig represents a small correc¬ 
tion only we shall disregard the dependence of ag upon Z and assume 
as an average value 

ao= 0-0246. (6 b) 

1. The probability of an electron of energy tv emitting a photon with 
energy in the interval dw' along the path dl is given by 




w' dw' 


dl 


(7) 


2. The probability of a photon of energy w giving rise to a pair along 
a distance di is given by 

( 8 ) 

it is assumed that the energy of the positive electron is in the interval 
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w', dw'. The probability for the production of a pair in which the 
negative electron is in the interval w',dw' is also given by (8). 

(6) Diffusion Equation 

Derivation of the diffusion equation 

373. Denote by q(«?, Q dw the number of electrons (positive and 
negative) with energies in the interval w,dw at a depth C- Denote 
similarly the number of photons at the same depth and in the same 
energy interval by ip{w,l)dw. The number of electrons and photons 
changes when going from the depth $ to the depth ^-\-dl due to the 
following processes. 

1. The number of electrons is increased due to pairs produced by 
photons. The probability of a photon of energy w' giving rise to an 
electron in the interval w, dw is obtained from (8) as 

2Ww,w')^d^\ 

w 

the factor 2 takes care of the contributions of electrons of both signs. 
The total number of electrons* in the interval w, dw thus produced is 
obtained by integrating over the photon spectrum. We find 

bo 

dqi = 2 dldw f l)^[w, w') (9) 

J w 

W 

2. Electrons with energies in w,dw emitting quanta are lost out of 
the interval. The change due to this process is given by 

V) 

dc \2 = —q{w,t)dwdl J . (10) 

0 

3. Electrons with energy may lose w'—why emission of a quan¬ 

tum and thus contribute to the interval w,dw the following amount: 

dqj = dwdl J q(w', l)$,{w',w'—w) ^^ 

W 

4. The energy of each electron changes by due to coUision loss, 
giving rise to a change 

, . .^dq(w,0 ^ 


1 . 


( 12 ) 
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6. The number of quanta is increased due to the emission of quanta 
of energy w^dw by electrons of higher energies. This gives rise to 

«> 

dPi = iwdl J (\{w’ ^ . (13) 

W 

6. Pinally, quanta are lost out of the interval as they give rise to 
pairs. We find for the last contribution 

w 

<?p2 = —p{w, 0 dwdt J s(w', (1^) 

0 

Taking the contributions of the various processes together we find the 
following diffusion equations for q and p : 






00 to 

+ 2 I p(w', — j §,(w. 






dw 


8p(w, 0 

8C 


CO W 

= J — P(m’.0 J f>(w',w)~. (15) 


We shall first give a solution of the system (15) neglecting the term 

^aq(^ 

dw 


which takes care of ionization loss. We shall denote the solution of the 
approximate equation (i.e. o 0) without the ionization term with a 
suffix 0. Thus we shall write 


Po (^.0 

for the approximate solutions of (15). 


Mellin transform of the diffusion equation 
374. It was noticed by Landau and Rumer (1938) and others that 
the equations (15) can be simplified by introducing the Mellin trans¬ 
forms! of the functions q and p. 

t For the Laplace transformation and the Mellin transform compare e.g. Carslaw and 
Jaeger, Operational Methods, Oaford, 1941. 
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We thus introduce 
00 

0 = f 0 dw; jS?p(9, 0 = / u>^~^P(‘U’, C) dw, (16) 

0 0 

where y) is an arbitrary parameter. The functions q and p can be 
determined from their Mellin transforms and -2^ by means of the 
inverse Mellin transformationf 

Po+ioo -v 

tIO-ko I 

90+^00 

p(w, 0 = ^ J 0 dp, 

where pQ has to be chosen so that for values of p with the real part of 
p > po -^p analytic. The path of integration has to be 

chosen to the right of the imaginary axis and to the right of all singu¬ 
larities of the integrands. 

375, In order to introduce the Mellin transforms -2J, and into 
(15)j we multiply the equations by and integrate from 0 to infinity. 
We find for instance for the first term of the first equation (15), with 
help of (6), 



all other terms, except that due to ionization loss, can be treated 
similarly. The ionization term can be transformed, integrating by parts: 


J 0 

The expression in the square brackets vanishes for the upper limit if we 
exclude the presence of particles of infinite energy. It vanishes for the 
lower limit also provided the real part of p is greater than 1, and pro¬ 
vided q(w, 0, is finite. The latter will be shown to be correct 

farther down. 

•j- See note t» P- 208. 


P 
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Tliiis with the help of (15) and (16) we obtain the following differential 
equations 

P Of Y\ 

the following abbreviations have been used 

~ J |®~( 5 +“o)|l —( 1 —e) 9 -l}de 


= (t+“o)m9)-’F(i)}+f 


’F(,) = Aiog(,!), 


1 

®(*)) = 2 J {1 —(t+ao)(€—€2)}g9-l^g _ cto);- r, -)> 

^(^5) =—^+( 5 + 0 : 0 )——, 

i I \« e7i i)(5-i) 

1 

® ~ / {l~(l+“o)(«—€ 7 } = J—^aj. 

n 


( 20 ) 


Differentiating the first of the equations (19) with respect to C and 
eUmmating the terms containing ifp with help of the old equation, one 
obtains the following differential equation: 

-^+{3l(i))+X)}-^+{3I(9)D_i8(i))(i;(p)}^, 

= o(q-l)jD+^jif,(5_l,^), (21) 

containing only and its derivatives. 

376. The Mellin transforms for 9 = 1.2 have simple physical signifi¬ 
cance. From (16) it is seen that 


^,(1,0. -S?p(l,0 

are the numbers of particles and photons at a depth while 

•2’,(2,0, .2’p(2,a 

are equal to the total energies carried by electrons and by photons. 
From (20) we find 


31(2) = (1(2), 58(2) = D. 


( 22 ) 
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Adding the equations (19) with the help of the equations (22) we find 

^{^,(2,0+^p(2,0} = -oSr,(l> 0- (23) 

This equation shows that the energy in the cascade is conserved. The 
left-hand side gives the rate of decrease of the total energy of particles 
and photons. The right-hand expression represents the rate of loss due 
to ionization. 


3, Formal Solution of the Diffusion Equations neglecting 

Ionization 


(a) Solution of the Transformed Equation 

General solution 

377. In the following we shall give the solutions of the transformed 
diffusion equations (19) neglecting ionization. Thus we shall solve the 
equations o g? /„ 


Equations (24) are a system of linear and homogeneous differential 
equations with constant coefficients of the first order; therefore their 
solutions can be represented as the linear combination of two exponen¬ 
tials 


Qi and 02 are the roots of the following quadratic equation 

-9t(t)) + a(D) »(D) _ 0 

«(!)) -D+a(i)) 

We shall write for the solutions of (25) 

+ 


Note that for any positive value of x) 


Ci <C 02* 

The solution of (24) can be written in the following form: 

= M^rH3Wp(9)e-<'i^+5Rp(g)e-“«f}, 


(26) 


(26) 


(27) 

(28) 
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where 5Dlq(g),... are four coefficients depending on the two constants of 
integration. is an arbitrary energy. The factor v^-'^ has been intro¬ 
duced into (28) in order to make the coefficients 95lq(g),... pure numbers. 

378. Only two of the four coefficients SDlq(p),.-- ar© independent. 
With the help of (24), (26), and (28) the following relations between 
the coefficients can be obtained 

(D-a2)StR<,-l-S8S[«p = 0, 

(J)-ai)Sri,-FS91p = 0. 

W© can add to these equations two initial conditions. Inserting ^ 0 

into (28) we find 

Expressions for the coefficients 9K and 91 obtained from (29) and (30) 
are collected in the following table. The first line gives the solutionB 
for -S?p^(:g, 0) = 0, i.e. for incident electrons, while the second lino refers 
incident photons. 


Table 2 



Coefficients referring to: 

..... 


Electrons 

1 Photons 


Primaries 

mq 

91<I 

imp 

mp 


Electrons 

S-di 

aa-D 

(£ 


(I2 —Qi 

Photons 

SB 

-23 

aj-D 

D —Cl 

as-Oi 


Numerical values of the various quantities and their derival,i\-(‘.s 
have been given by Rossi and Greisen (1941) and also Rhaldia an<l 
Chakrabarty (1943). Newly evaluated tables are given in Ai.ptuidix 


Initial conditions 

379. The initial condition for 
as follows: 


one primary electron of energy 


is 


q{w, 0) = S(w—Wo), P{w, 0) = 0. 

We find therefore from (16) 

t I am iadebted to Mr. Hewlett for having evaluated the tables. 


(.31) 

( 32 ) 
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Similarly for a cascade started by a photon of energy we have 

0) = 0, 0) = 1. (33) 

In order to calculate the absorption function of electrons or photons 
in the atmosphere it is necessary to consider a primary spectrum 
rather than primaries of definite energy. The value for jS? corresponding 
to an incident spectrum can be obtained by integration over the incident 
spectrum. We may consider an incident spectrum of the type 

dw, = ! dwjw, K > Wo). (34) 

^ ^ \0 (wi<Wo). 

Inserting Wj for Wq in (32) and integrating into from Wq to co we 
obtain 

W5-9+l^g(^, 0) = (35) 

The integration into is only legitimate if 

real(^)< 2 +l. 


(6) Inverse Mellin Transforms 
Expressions for various spectra 

The actual solution of (15) for a given initial condition is obtained 
with help of (17), (24). We find 

£> = air. I 

t)o—'ioo 

Inserting from Table 2 we find for the case of a cascade due to a 
primary electron of energy Wq 


Vo+ioo ^ -V 

27TiWo J U/Ua-ai ^Oa-Oi J 


^Q—iao 

Po+'ioo 


(38) 


PoW4) 27Tiwo J \w) tto-tti 


9o—100 


Similar expressions can be found easily for other initial conditions. 

380. Before giving the methods of evaluating the complex mtegra s 
encountered, we derive expressions for a number of physically sigm 
cant quantities (compare Rossi and Greisen, 1941). 
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1. Integral spectra. The integral spectra of the particles and of 
photons can be defined as 

r °° 

0 = 1 qo« 0 dw\ = f dw'. (39) 

W *' 

Inserting (37) into (39) and interchanging the order of the integrations 
we find that the expressions for the integral spectra are obtained from 
(37) by replacing 5Dl and Sft by 


5UC =- -to, 


Vt = - -10. 


m(j)) = 

p—2 


(40) 

2. Similar expressions are obtained for the flow of energy carried by 
the electrons or the photons with energies exceeding w. The energy 
flow can be deflned by 
00 

0 = / w\(w', 0 dw', 0=[ w'p,(v;', 0 dw', (41) 

V3 'J 

W 

and the expressions for the flow are obtained from (37) by replacing SDl 
and 91 by _ ^ 

(42) 

Average values with respect to depth 

381. Further quantities can be derived from the Laplace integrals 
with respect to of q, SB, etc. We have, for instance, 

^) = J e-^^qo(w, 0 dO (43) 

0 

w?Sd ^ interchanging the order of the integrations 

• 9o+ioo 

jSf®(A,u>) = -JL_ r (^oYl %(v) , 91q(p) ] ^ 

Ui (ai(i))+A’^a2(p)+A/ 

replacmg SK and 91 by ®i and 91 or by M and 1. 

From the Laplace integral of we derive the following physically 
sigmficant quantities (compare Rossi and Greisen, 1941 ). 

The total length of electron track due to electrons with energy > w 
IS found as 

00 

= / no(w, 0 dC = i?g>(0, to). (46) 
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2. The centre of gravity of the shower particles with energy > w can 
be defined as 


oo 

0 

and is expressed in terms of the Laplace integral as 

<0<«) = plog.g'oi(A,w) \ 

\ SA 

3. The mean longitudinal spread of a shower particle with energies 
> w can be defined as 


(46) 


(47) 


r2 = 




And we find 


_ (dnog£e^il(x,w) 




8A2 


-) • 

/A=o 


(48) 

(49) 


4. Numerical Evaluation of the Integrals 

The following methods can be used to evaluate numerically the 
integrals occurring in the last section. 


(a) The Method of Residua 

(i) Cauchy’s theorem 

382. The integrals occurring in the Mellin transform have to be taken 
along lines parallel to the imaginary axis. Thus the integrals have the 
form 


Po+ioo 


2 S J 


9o—“ioo 

The integral (50) may be regarded as a limiting value 


( VOT w 

^ f 

277^ J 

_-TI 


f(v) dx) 


Po—i-K 


(60) 


(51) 


If the function/(g) is single-valued and if it tends sufficiently to zero 
to the right of the line of integration for |i) | -> oo, the integral (51) can 
also be taken as the limiting value of 


where the integration has to be carried out along the line ABC DA 
(Fig. 60); note that the integral along the arc CDA tends to zero with 
increasing radius of the arc. If the function/(^) tends towards zero on 
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the left instead of the right of the line ABC then the integration may 
be carried out along the line ABCD'A. The integral over a function 
along a closed line in the complex plane is zero provided the function 
is regular inside the region surrounded by the line. If the function/( 15 ) 
has poles but no other singularities in the region surrounded by the line 
of integration then the integral can be expressed in terms of residua in 
the following way 

= (53) 


where the + sign has to be chosen if the hne 


of integration is anti- 


Imaginary axis 



Real axis 


clockwise {ABCUA) and the —- sign has to be taken for the integration 
in the clockwise direction {ABGDA). 

Each corresponds to a singularity t)^ inside the path of integra¬ 
tion and is equal to the coefficient in the series 

V 

(ii) Applications 

383. To illustrate the method of residua we determine q(w;, for 
w > Wq. We have 

9o+ioo 

with (55) 

The singularities of the function R are to the left of the line of integra¬ 
tion as can be seen from the definition of t)o. For w > the integrand 
tends to zero for Rl(g)->oo and therefore the value of the integral 



§ 383] 


CASCADE THEORY 


217 


can be expressed by (53). As there are no singularities for real ( 5 ) > 
the integral vanishes and we find 

= {w>Wq), 

as must be expected. 

Absorption of a power spectrum 

384, An interesting result is obtained when evaluating the numbers 
of electrons or photons with energies w > produced by an incident 
spectrum of the type (34). 

The integrand in this case shows a singularity at 13 = z+1 (compare 
(35)). Pq has to be chosen so that 

iDo < (compare (36)). 

We have therefore one singularity at the right of the path of integration. 
We obtain with the help of (53) 

qe(w>0 = 

! {w>Wi). ( 66 ) 

The expression in the curly brackets does not depend upon the energy 
it is seen therefore that an incident power spectrum produces a spectrum 
of the same type at any depth. The total intensity changes as the super¬ 
position of two exponentials. Introducing from Table 2 the values for 
the coefiicients 9)1 and 31 we find that the number of electrons given by 
(56) declines monotonically from ^ == 0 onwards. The number of pho¬ 
tons, which is initially zero, increases up to a maximum and declines 
exponentially for larger depth. 

For large values of ^ it is sufficient to consider the terms only. 
Taking for the exponent of the incident spectrum z == 1*8 we find for 
the absorption coefficient from Table 2 , Appendix II, 

__ 10-469 cascade units-^, 

^ ~ 11/90 (grams per cm.^ air). 

385. For w <^Wq the Mellin transform (43) can be evaluated by the 
residuum method (compare Nordheim and Hebb (1939), Rossi and 
Greisen (1941)). Examining the expressions ( 20 ) one finds that the 
singularities of the integrand of (37) are confined to the points 

t) = l,0,-l,.... (57) 

The residuum method gives therefore a power series in powers of 
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wJwq for the integral. This series, however, converges very slowly and 
is not suitable for numerical evaluation. 

The integrand of (43) has an additional singularity for 

5 = i)(A) with Oi{i)(A)} = —A. 


In particular for A = 0, we have 

ai{2) = 0 

and therefore 13 ( 0 ) = 2 

(compare (22) and (26)) and therefore the integrand of (43) 

developed round t) = 2 as 

integrand = 

^ ai(2)(9-2) 


(57 a) 
(67 b) 
can be 


For w<^Wq the singularity at g = 2 gives the most important contri¬ 
bution to the integral. We find thus, with help of (43) and (51), 

3 = .5f®(0, M)) « ^ = 0-437^. (58) 

w 0 ,( 2 ) w 

Using a similar procedure we obtain further 

_/aiog,^®M\ ^ log(«;oH+OogSPl( 2 )r al( 2 ) ^ 

I JX=o'^ “i( 2 ) a?( 2 )’ 

, __ ( 8Hog^(Q{X,w) \ ^ al( 2 ) {log£> 1 ( 2 )}” 

V 3A2 }x=o'" o.[\2) ai^(2) 

aS:( 2 ){log 501(2)}' ar( 2 ) JoI( 2 )\a . 

dashes (') signifying differentiation with respect to Xj. 

Introducing numerical values from Tables 2, 3 of Appendix II into 
(58), (59) and (60) the following table is obtained: 


Table 3 



Primary 

Spectrum 

Electron producing: 

Photon producing: 

Electrons 

Photons 

Electrons 

Photons 

3 = /“’>% 

0-437 

0-572 

0-437 

0-672 

differential 

\ wjw j 





integral 

<C> = 1-01 log(w;o/^) + 

1 1-04 

1-20 

1-85 

2-02 

differential 


1 0-03 

0-19 

0-84 

1-01 

integral 


j 0-06 

114 

1-24 

2-32 

differential 

= l-Ql\og{wQlw)-\- 

\-0-61 

0-47 

0-67 

1-65 

integral 
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(6) Saddle-point Method 

(i) The method 
386. Consider the integral 

+QO 

J e-s(s»di3. (61) 

— 00 

If the function E{x}) has a sharp, minimum at t) = Qo increases 
rapidly to both sides, the main contribution to the integral can be 
assumed to arise from the region round We may put 

S(i)) = S(9o)+i(i5-9o)^S"(po)+.... (62) 

Neglecting the higher power terms in we have therefore 



The integrals (37), (38), etc., have to be taken along a line parallel 
to the imaginary axis. The intersection of the path of integration with 
the real axis is at a point value of i)o must be suflEiciently 

large but otherwise it can be chosen arbitrarily. The integral 

± I (64) 

9o“"ioo 

can thus be evaluated by choosing iJq so as to make 3(i)o) ^ maximum 
on the real axis. We have then 


S'(po) = 0, S"(po) < 0, 


and according to (63), 


Po + ioo 


2 S J 




Po~'ioo 


^{-27ra"(9o)}‘ 


( 66 ) 


( 66 ) 


(ii) Application of the saddle-point method 

Evaluation of spectra 

387. The integrand of the integrals in (37) and (38) has a pronounced 
minimum on the real axis. The integration can therefore be carried out 
along a line parallel to the imaginary axis intersecting the real axis at 
this minimum. 

We may write 

—S(i5) = i)logf^)+log{9[R(i))e-“if+in(^)e-“«5} 


(67) 
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and we obtain the following equation for fJi® coordinate of the saddle 
point, 

( 68 ) 

Large thicknesses. Tor given wjw and t the value of 
determined from (68). It is found that provided 

r f I (69) 

e-ai?^e-«sJ for x) = T)oj 

and therefore the second exponential can be neglected. Dropping the 
second exponential, (67) reduces to the following much simpler equation 

—3(^1) = glog^^j-ai^+log9Jl(^), 

-3'(;,o) = log(^)-aU+{log9K(p)};=,, = 0, 

-S"(t)o) = {logS0l(9o)}"-aJ(p«)C. 

These equations can be used for determining g, as a function of w and 
J. It is much more convenient, however, to regard (70) as a parametric 
representation of In this way we obtain 


and 


(67 a) 

(68 a) 
(70) 


V{-2vS"(,)„)} 


(71) 


with 


(72) 


and S"(go) = <(9o)C-{log2R(Oo)}". (73) 

^0 is taken as an independent parameter, (q) stands for any of the quan¬ 
tities Qo, Po, Qqj can be obtained with help of Table 2, § 378, 

and eq. (40) or (42). Values of the functions SOI and their first and second 
logarithmic derivatives are collected in Tables 2 and 3 of Appendix II. 

388. The cascade maximum. For applications of the theory it is 
important to determine the position of the maximum of the functions 
with respect to 1. 

Thus we put ^ = 9 for ^ = (74) 

Differentiating (71) with respect to ^ and neglecting terms proportional 
to dx)ld^ we find 

ai(i)o) = 0 for $( 9 o) = (76) 

and therefore we see with help of (67 a) that the maximum is obtained 

9o = 2. (76) 
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With the help of (72) and Table 2, Appendix II, we find 

== l-01{log>oH+^}. (77) 

Numerical values for A are collected in the table below. 


Table 4 



Cascade started by: 

Maximum of 

Electron 

Ehoton 

Electrons 

-1*65 

-0-76 

Photons 

-1-38 

-1-64 


The above values for A refer to the maximum of the integral spec¬ 
trum. The corresponding values for the differential spectrum are 
obtained by replacing ^ by A-f-l. 

The numbers of particles or photons at the maximum can be obtained 
from (71) and (72). We find 

( 0-137 (Wfi/w) 

^(log,(Wo/w)+B} 

0-180(wo/w) 

^{log/wo/w)+B} 

The values of B are as follows: 


Table 5 



Primary 

Number of 

Electron 

Photon 

Electrons 

-1-33 j 

-0-59 

Photons 

-0-64 ' 

-0-79 


389. Small thicknesses. The saddle-point method can be also applied 
to determine the numbers of electrons or photons for small thicknesses. 
For small thicknesses, however, one is not justified in neglecting the 
second exponential and one has to use the full expression (67) for S(p) 
In case of the integral spectra we obtain saddle points right down to 
^ = 0 (Janossy and Tzu (1946)). In fact we have for ^ = 0 

a(t)) = (p_i)iog^-iog(t)-i), = log^, 

and therefore Q(w, C = 0) « , ^ = 1-08. 

V(2v) 

The correct value is of course 1. Thus one may expect the values for 
Cl to be in error by about 10 per cent, for small thicknesses. 


(numbers of electrons > w), 

(78) 

(numbers of photons > w). 
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5, Solution of the Diffusion Equation considering Ionization Loss 
(a) Arley^s Approximation 

390. We deal in the following with the solutions of the diffusion 
equation when the ionization term is not neglected. 

A rough approximation of this problem was obtained by Arley (1938). 
In his work Arley assumes that the ionization loss can be neglected for 
particles with energies above the critical energy while the loss due 
to radiative collisions can be neglected for particles with energies below 
the critical energy. 

In Alley’s calculation the critical energy is defined as 

(79) 

where Wq is the energy defined in (2). Some of the numerical values 
obtained by Arley are collected in Table 9 of Appendix II. 

(6) Exact Solutions of Diffusion Equations 

391. Attempts were made to expand the exact solution of (15) in a 
series of powers of o. It is suggested, however, by Bhabha and Chakra- 
barty (1943) that the series of the type 

q^+oJQi+... (80) 

obtained in a formal way is divergent The series (80) is not even an 
asymptotic representation of the solution of (15)t. 

The ionization term is dealt with by Tamm and Belenky (1939) by 
introducing the Laplace transform of (24) with respect to The 
resulting equation admits a formal solution containing the parameter 
T) and another parameter introduced by the Laplace transformation. 
The actual solutions are obtained by means of a double inverse trans¬ 
formation, that is transformations with respect to both parameters. 

392. According to Bhabha and Chakrabarty (1943) the exact solu¬ 
tion of (15) is assumed to have the form 

Vo—ioo 

where the functions / and g have to be chosen suitably. 

t Bhabha’s method was criticized recently by Tamm and Belenky (1946). 
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In particular if one were to assume 
and f{r), 0 = 0 

(compare eq. (65)), the integral (81) would reduce to the solution 
neglecting ionization loss. 

393. Inserting (81) into the equation (15) and imposing suitable 
boundary conditions the functions / and g can be determined. The 
expressions thus obtained are complicated and we summarize only the 
result of the procedure. 

1. The function/(q, ^) can be expanded in a power series of the type 

fM = (82) 

Introducing (82) into (81) and inte^ating term by term, the solution 
appears as a series. It was shown that this series converges rapidly 
and that for most purposes the first term alone gives a sufiScient 
approximation. The function g is given by a complicated expression. 
A few numerical values, computed by Bhabha and Chakrabarty (1943) 
are collected in Table 7 of Appendix II. 

For small values of ^ we have approximately 

(S3) 

while for large values of g becomes independent of ^ and has a limiting 
value of the order of 1. 

The function g{x), ^) has a simple physical significance. 

Comparing equation (81) with (37) we see that the solution consider¬ 
ing ionization loss differs from the solution neglecting ionization mainly 
in that the energy w in the approximate solution has to be replaced 

to give the solution with ionization loss. Thus to a first approximation 
the effect of ionization is to shift the spectrum downwards by an amount 

For ^ ^ 1 we have Q I, thus 

Q(i^,0'-Qo(^+l,a (84 a) 

6. Fluctuations 

394. For the interpretation of experimental findings it is of impor¬ 
tance to consider the fluctuation of the actual numbers of particles 
round the average number. 
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In their original treatment Bhabha and Heitler (1937) assumed that 
the particles at a given depth fluctuate as if they were independent. 
Thus it is assumed that the probability of finding Q* particles while 
the average is JD is given by the Poisson formula 

af(Q*,Q) = e-Q|^. (85) 

395. The fluctuation problem was dealt with in more detail by Furry 
(1937). Furry worked out the exact distribution function for an ideal¬ 
ized cascade process. The idealized cascade process is, however, very 
different from the actual process and Furry’s fluctuation formula is 
probably only justified for small thicknesses (compare Euler and Heisen¬ 
berg, 1938). 

The mean square deviations of the numbers of particles were calcu¬ 
lated by Nordsieck, Lamb, and Uhlenbeck (1940) and by Scott and 
Uhlenbeck (1942) for the exact cascade process. The numerical results 
thus obtained show that the fluctuations are somewhat larger than 
expected from the Poisson law but that the fluctuations are very much 
smaller than expected from the Furry model. 

396. The fluctuation problem was also treated by Arley (1943). In 
this paper it is suggested that the distribution function has a form 
intermediate between the Poisson distribution and the distribution 
given by Furry (1937). It is assumed that the actual distribution has 
some similarity to the P61ya distribution, a distribution which is used 
successfully in connexion with biological problems. 

The Poisson distribution is probably applicable to showers under 
great thicknesses of absorbers. In the first stages of a shower, however, 
the fluctuations must obey a law very different from the Poisson law 
as can be shown by the following consideration. 

Consider a high-energy electron falling on a comparatively thin 
absorber. The average number of particles produced by the electron 
is called N. According to the Poisson law, fluctuations greater than 
say 4^"^ are very unlikely. If ^ 1, then the probability that the 
shower contains one particle only becomes negligibly small. 

In actual fact, however, a primary may occasionally traverse an 
absorber without any collision and thus give rise to no secondary 
particle at all. We expect on an average about one collision per cascade 
unit and therefore the probability of a primary traversing an absorber 
of thickness ^ without encounter is of the order of e-^. 

Thus for small thicknesses the probabihty of an electron giving rise 
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to a small shower only, remains considerable, in spite of high energy; 
and the distribution must be expected to extend noticeably into the 
region of small showers. 

Some of the figures obtained by Arley (1943) are collected in Appendix 
II, Table 10. 


B. Investigation oe the Soft Component 

In the section below we give an account of experimental findings 
related to the soft component. 

I. Intensity of the Soft Component 
Soft and hard components 

397. Photographs of cosmic rays passing through metal plates show 
clearly that the cosmic rays consist of two groups, namely, (1) penetrat¬ 
ing particles and (2) soft particles which will be identified as electrons. 

Electrons passing through metal plates lose much energy and give 
rise to small showers. The photograph d reproduced in Plate 1 shows 
a clear example of a cascade shower initiated by a single particle. 

398. The cosmic-ray beam can also be shown to have two components 
by means of absorption experiments. It is found that the intensity 
decreases rapidly with absorber thickness up to about 10 cm. of lead. 
For larger thicknesses the intensity decreases only slightly with 
increasing thickness of absorber (see Fig. 37, Ch. IV). This is because 
the absorbable soft component causes the first rapid drop. 

The intensity of the hard component is extrapolated to zero thickness. 
The difference between the extrapolated hard component and the total 
intensity can be taken as the intensity of the soft component. Near 
sea-level the soft component is about 30 per cent, of the total intensity. 
See, for detailed measurements, Bernardini and others (1940). 

Height-intensity distribution 

399. At very great heights the intensity of the soft component is 
much greater than that of the hard component. Therefore in the upper 
part of the atmosphere the total intensity as measured with ionization 
chambers or coincidences can be taken as a fairly accurate measure of 
the intensity of the soft component. 

In Fig. 61 we have plotted the total vertical intensity as measured 
by Pfotzer (1936); we have also plotted the intensity of the hard 
component as observed by Schein, Jesse, and WoUan (1941) with a co¬ 
incidence arrangement (see Ch. IX). The broken lines are extrapolated. 

3505.40 o 
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It is seen that the intensity of the soft component increases rapidly 
Tip to a height of about 80 grams per cm.^ below the top of the atmo¬ 
sphere. At this height the intensity reaches a maximum and for greater 
heights the intensity of the soft component decreases again. 

We note that the penetrating component does not show a maximum 



Fig. 61. Height-intensity curves of hard and soft components. 

but increases up to the greatest heights observed; it is difficult to 
estimate the ratio of the two components near the top of the atmosphere. 

The measurements thus reported were carried out at geomagnetic 
latitudes greater than 50°. The results obtained at other latitudes will 
be discussed in Chapter VII. 

Soft component under ground 

400. The intensity of the soft component in relation to the hard 
component was measured under groxmd by various observers. 

The relative soft intensity decreases for the first few metres of water- 
equivalent under ground. The minimum of the relative soft intensity 
is of the order of 5 per cent, according to Auger (1935 a), Auger and 
Rosenberg (1935 a, 6), and Bernardini and co-workers (1940). For 
larger depths the relative soft intensity increases again, its value at 
greater depth being of the order of 30 per cent, (see V. C. Wilson 
(1937, 8, 9), Clay and Gemert (1939), and others). 




§400] 


INVESTIGATION OF THE SOFT COMPONENT 


227 


IVom the rate of absorption of the soft component in lead or in air 
it is clear that the primary soft component cannot penetrate with 
appreciable intensity to great depths under ground. To account for 
the presence of the soft component under ground it is therefore neces¬ 
sary to assume that the soft component under ground is secondary to 
the hard component. 


2. Showers 

(a) Size Distribution 

401. Small showers can be best observed with the cloud chamber. 
Counting the numbers of particles in individual showers their size 
distribution can be obtained. 

Larger showers are most conveniently observed by means of an 
ionization chamber. A shower crossing an ionization chamber will 
give a rise to a 'burst’ of ionization. The size of the hurst is a measure 
of the number of particles contained in the shower. 

The size distribution of showers was thus investigated by several 
authors. Montgomery and Montgomery (19356) find the following size 
distribution for showers observed under a thin layer of lead: 

S{N)r^AIN^^^, ( 86 ) 

where z ~ 2*3, A is a constant, S{N) is the rate of showers containing 
N particles. 

For showers containing 50-1,000 particles and more the distribution 
(86) was established by means of a burst chamber, while the distribution 
of smaller showers was obtained from the analysis of cloud-chamber 
photographs. The results of Montgomery are shown in Fig. 62. The 
distribution is given in a double logarithmic plot. The straight line in 
Fig, 62 represents the distribution (86) while the observed frequencies 
are shown by a step line. 

(6) Shower Coincidences 

402. Showers can also be observed by counter arrangements. The 
prototype of a shower arrangement is the triangular arrangement used 
by Rossi (1933) which is shown in Fig. 63. It is seen that threefold 
coincidence between the counters can only be caused by groups of two 
or more particles. 

Five counters arranged in the corners of a regular pentagon were also 
used. This arrangement needs at least three particles to be set off. 

The interpretation of counter observations is more difficult than that 
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of results obtained with either cloud chamber or ionization chamber. 
It must be emphasized that a shower arrangement is only rarely set 
o j the minimum number of particles required. Most coincidences 



Sire (^N) 


Fie. 62. Size-frequenoy dktributioa of burets (Montgomery and Montgomery, 
Phys. Hev. 48, 786 (1935)). 



Fig. 63. Counter arrangement for the 
observation of showers. 



Fig. 64. Counter arrangement. 


containing many pattiotes 
(see §§ «4-7). It „ tbmefore a fallacy to connect the number of particles 

“ coincidence. 

Neither is thwe a simple conneiien between the position of shower 
counters and the angular divergence of a shower 

The oomiter arrangement shown in Kg. 64 is by no means particularly 
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sensitive to showers with the opening angle a, the angle between the 
planes aa' and bh'. 

Transition effect 

403. Rossi (1933) found that the rate of coincidences observed by a 
shower arrangement is strongly affected when an absorber is placed 
close above it. 

The rate of coincidences plotted against the thickness of absorber 
increases first, reaches a maximum, and decreases for larger thicknesses. 



Thickness oF absorber 
Fig. 65. Rossi traiisition curve. 

The maximum for lead is reached near 2 cm. The shower rate decreases 
again when the absorber is increased from 2 to 5 cm. of lead. Tor larger 
thicknesses no further decrease is observed. 

The rate of coincidences plotted against the thickness of lead is shown 
in Pig. 65. This curve is usually referred to as the ^Rossi curve’ and 
the effect is called the ‘Rossi transition’. 

The rate of shower coincidences increases also when absorbers are 
placed closely below the arrangement. This effect is probably due to 
the scattering back of slow secondaries. 

Various observers have also found a small second maximum at thick¬ 
nesses of about 17 cm. of lead. The experimental evidence with regard 
to this ‘second maximum’ is very contradictory and it seems safe to 
assume that no such second maximum exists exceeding a few per cent, 
of the intensity of the tail (compare Altman, Walker, Hess (1940) and 
George, Janossy, and McCaig (1942)). 

The tail of the Rossi curve 

404. It can be seen readily that the Rossi curve results from the 
superposition of two different effects. The long tail of the Rossi curve 
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suggests the presence of penetrating particles. The showers observed 
under thick absorbers of lead could be interpreted either as penetrating 
showers produced by soft primaries or as soft showers produced by 
penetrating primaries. The first maximum with its steep.rise and fall 
must, however, be interpreted in terms of soft particles only. 

It will be seen later that the first maximum can be interpreted in 
terms of electron cascades while the tail is mainly due to soft showers 
(cascades) produced by penetrating particles. A small number of 
penetrating showers produced by less penetrating primaries are also 
present. 

405. The fact that the Rossi curve represents two superposed effects 
was shown convincingly by the experiments of Schwegler (1935). The 



Thickness of the plate P (cm. Pb) 

Fig. 66. The experimeatal arrangement of Schwegler and his results. 
From N. Arley, Stochastic Processes, p. 181. 


experimental layout is shown in Fig. 66. Threefold coincidences are 
recorded between the counters 1, 2, 3. The Rossi transition in an absor¬ 
ber P close above the counters is observed (1) with a 10-cm. thick lead 
block B between the counters and (2) without any absorber between the 
counters. The transition effects thus obtained are also shown in Fig. 66. 

The arrangement (1), with the lead block B between the counters, 
responds only to showers containing at least one penetrating particle 
capable of traversing the lead P. Showers of this type are seen to show 
a saturation effect without a maximum (curve II, Fig. 66). 




§406] 


INVESTIGATION OF THE SOFT COMPONENT 


231 


The difference between the rates observed with and without the lead 
can be attributed to showers not containing any penetrating particles. 
The difference curve (III) which represents these soft showers is seen 
to show a pronounced maximum and to tail off rapidly for larger 
thicknesses. 

(c) Properties of Shower Particles 

First slope of transition curve 

406. The first slope of the shower transition curve has a simple 
significance; this slope is proportional to the cross-section for the produc- 



Fig. 67. The initial part of transition curves for lead tin zinc ©, 
aluminium O* From Hu Chien Shan, Proc, Boy, Soc. A, 158, 588. 

tion of showers by the primaries. Comparing the slopes obtained for 
various materials above the counter arrangement, the dependence of 
the cross-section upon the atomic number Z of the shower-producing 
material can be determined. 

Measurements of this kind were carried out by Morgan and Nielsen 
(1936) and also by Hu (1937) and Hu and co-workers (1937). The results 
of Hu and co-workers are reproduced in Fig. 67. It is seen that the 
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cross-section for shower production is very nearly proportional to 
per atom. 

The measurements of Morgan and Nielsen (1936) were carried out 
with triangular arrangements and those of Hu by a coincidence 
arrangement consisting of five counters placed on the comers of a 
regular pentagon. 

The range of shower particles 

407. The range of shower particles can be measured directly by an 
arrangement of the type shown in Kg. 68. Showers are recorded by the 

(D @ 


T 



I-1-1- ^ 

0 5 10 15 cm. 

Fig. 68. The penetrating power of shower particles (arrangement). 

Proc. Camb. Soc. 34, 614 (1938). 

coincidences of the counters 1, 2, 3, 4, 5, I, II. Absorbers are placed 
between the top counters 1, 2, 3, 4, 5 and the bottom counters I, II. 
In the presence of the absorber T only showers which can penetrate the 
absorber T are capable of producing coincidences and therefore the rate 
of coincidences as a function of the thickness of T can be taken as the 
absorption curve of the shower particles. 

liixperiments of this kind have been carried out by a large number 
of observers (Nielsen (1938), Schmeiser and Bothe (1938), Hu (1937), 
Janossy (1938)). In spite of very different arrangements the various 
results agree fairly well. The results of some authors are collected in 
Fig. 69. It is seen that most of the shower particles are absorbed in 
5—7 cm. of lead though there are a few showers which penetrate as much 
as 10 cm. of lead. 
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Absorption measurements were also carried out in different materials. 
It was found that the first part of the absorption curve is nearly mass 
proportional while for larger thicknesses a small but significant differ¬ 
ence between light and heavy absorbers appears; the absorption curve 
for light materials shows an extended tail (Fig. 69). 



Fig. 69. Absorption, curve of shower particles. Proc. Camh. Soc, 34, 614 (1938). 

408. By placing various thicknesses of material and various kinds of 
material above the top counters it is possible to investigate showers from 
different materials and produced in various thicknesses. Measurements 
of Schmeiser and Bothe (1937) show that the absorption curve of 
showers produced under about 1*5 cm. of lead have the same absorption 
curve as those produced under 17 cm. of lead. This result shows clearly 
that the showers produced under thick absorbers are soft showers of 
the same type as those produced under thin absorbers. It can be con¬ 
cluded therefore that showers observed in the tail of the Rossi curve are 
mainly soft showers produced by penetrating particles and they are not 
penetrating showers produced by soft primaries (compare § 404). 

409. Comparing the absorption curves of showers from the air and 
those from lead it is found that the lead showers are sUghtly less 
penetrating than those from air. Similarly it was observed by various 
authors that showers from light elements are slightly more penetrating 
than those from heavier elements (compare e.g. J. Clay (1936)). 

3. Connexion between Showers and the Soft Component 

410. The absorption curve for shower particles is very similar to the 
absorption curve of the soft component (see Fig. 69). It is therefore 
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plausible to assume that the soft component consists of shower particles. 
This assumption is supported by the fact that the shower intensity 
observed both above and below sea-level is proportional to the intensity 
of the soft component. 

411. The Rossi transition curve was measured at various elevations 
above sea-level. In Fig. 70 we reproduce the measurements of Wood¬ 
ward (1936). It is seen that the Rossi curves show the same shape at 



Franklin Inst. 226, 611. 

all altitudes and the curves obtained at various altitudes can be con¬ 
verted into each other by multiplication with constant factors. 

Because of this similarity the Rossi curves obtained at different 
heights can be taken conveniently as a measure of the shower intensity 
at the corresponding heights. It is seen from Woodward’s (1936) data 
that the shower intensity at 4,300 m. above sea-level is 8*5 times larger 
than the intensity at sea-level. The soft component increases from 
sea-level to this height by a factor 7*9 according to Woodward. Thus 
the shower intensity appears proportional to the intensity of the soft 
component. 

We note that the intensity of the tail of the transition curve increases 
with height at the same rate as the intensity of the maximum. This is 
a surprising result, as the first part of the transition effect must be 



§411] 


INVESTIGATION OE THE SOFT COMPONENT 


235 



assumed to be a process different from that responsible for the tail of 
the transition curve (compare §§ 404,405). 

412. A most convincing proof of the connexion between shower 
intensity and soft component was given by the observations of Regener 
and Ehmert (1939). An automatic recording arrangement was sent up 
in a balloon and reached heights corresponding to 7 cm. Hg pressure. 
The arrangement consisted of a fourfold coincidence arrangement with 
four horizontal counters placed at the corners of a quadrangle. A 1-cm. 

thick lead plate was placed close above the —i- 1 - 1 

counters to increase the rate of showers, ' • I 

The rate of showers as obtained with this 
arrangement is plotted against the mass of lo - 
the atmosphere above the arrangement. 6*5 
cm. Hg is added to the actual pressure to 
correct for the mass of the lead absorber 
(Fig. 71), It was noticed by Regener that ^ _ 
the height-intensity curve thus obtained for c 
the shower intensity can be fitted exactly 
to the intensity distribution of the soft 
component. The two intensity distribu¬ 
tions would not fit satisfactorily without ^ “ 
the correction of 6*5 cm. Hg for the lead ^ 

plate. This correction can be justified when 75 750 

assuming that lead and air have to be com- Pressure in mm ^ 

pared on a scale (cascade units). Fig. 71. Height-intensity dis- 

413. The shower intensity below ground tribution of showers and of 

was also measured. Ehmert (1937) used an 

automatic coincidence arrangement which was submerged in Lake 
Constance. Similarly Clay used an arrangement which was submerged 
into the North Sea down to 250 m. below the sea-level. Measurements 
in deep mines were carried out by V. C. Wilson down to 1,000 m. H 2 O. 
The measurements of these authors and of many others show that the 
shower intensity decreases at a rate slightly smaller than the vertical 
intensity. Ehmert (1937), for instance, finds for the shower intensity 
at a depth 6 below the top of the atmosphere (10 < 0 < 243 m. HgO) 

sm ( 87 ) 




Comparing these results with § 304 we see that the shower intensity 
obeys a power law like the vertical intensity. 

The results of V. C. Wilson (1938) are shown in Fig. 72. It is seen 



236 


SOFT COMPONENT 


[Chap. VI 


that the shower intensity decreases slightly less with increasing depth 
than the vertical intensity. 



10 30 100 300 1,000 

ffjmHzO 



Pig. 72. Vertical intensity and showers under ground (V. C. Wilson). 


C. Interpretation oe the Sort Component in Terms oe 
Electrons and Photons 

414. Iix the present section we shall discuss how far the observational 
material relating to the soft component can be accounted for in terms 
electrons and photons. 

We shall discuss the following main subjects: 

1. We shall show that, assuming a suitable primary spectrum of 
electrons, the atmospheric transition curve of the soft component 
(Pfotzer (1936) curve) can be accounted for. We shall restrict ourselves 
to the consideration of high latitudes where there are no geomagnetic 
effects to be expected. The change of the transition curve with latitude 
will be discussed in Chapter VII. 

2. We shall give an estimate as to the absolute intensity of the 
primary soft component and determine the spectra arising from the 
primary electrons at various depths below the top of the atmosphere. 
It will be seen that the observed soft intensity cannot be accounted for 
near sea-level and at moderate heights above sea-level in terms of 
primary cascades alone. 

3. To account for the soft component at depth beyond the reach of 
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the primary soft component it must be assumed that the hard com¬ 
ponent gives rise to a secondary soft component. Two processes con¬ 
tributing to this secondary soft component will be considered: (1) the 
emission of decay electrons; (2) the production of electron secondaries. 

4. We shall analyse shower and burst phenomena. It will be seen 
that a satisfactory picture can be obtained of both the size distribution 
and the absolute frequencies of bursts. 

5. We shall ■give a short account of the analysis of bursts under 
ground. This problem is connected with the question as to the value 
of the spin of the meson. 


1 . The Atmospheric Transition 
(a) Incident Spectrum 

415. The height-intensity curve of the soft component can be 
accounted for in terms of incident electrons provided a suitable primary 
spectrum is assumed. 

One might be tempted to assume an incident power spectrum of the 

Q{w) ( 88 ) 

However, using the eq. (88) we obtain with the help of (84 a) and (56) 

for the number of electrons at a depth ^ 

S:i(0, t) ~ Sm(2+l)e-«i(«+i)^+5R(2:H-l)e-«^^^ (89) 

It can be seen easily that the expression (89) shows no maximum inside 
the atmosphere. 

416. The observed intensity of the soft component has a maximum 
at a depth of about 8*5 cm. Hg (compare § 399 and Pig. 61), which 
corresponds to a depth of 

C = 3 (90) 


expressed in cascade units. This maximum cannot be accounted for in 
terms of the spectrum (88) and therefore this spectrum cannot corre¬ 
spond to the actual incident spectrum. 

A maximum of the intensity at about the right depth can be obtained, 
however, by cutting off the low-energy part of the spectrum (88). That 
is, by assuming a power spectrum for energies greater than W;^, 


(5(w) = 


W-^ / 

0 


with a: = 1-6 and = 2,000 MEV. 


{w > w-^), 
[w < w-^), 


(91) 
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Assuming an incident spectrum given by (91) the number of particles 
as function of depth can be evaluated by the methods given in the 
beginning of this chapter. The height-intensity curve thus obtained, 
together with the observed intensity of the soft component is shown in 
Fig. 73 {a). There is a fair agreement between the two curves for not 
too large depths. For larger depths the calculated intensity is much 
smaller than the observed one. The calculated curve has also a too 
narrow maximum. In Fig. 73 (6) we have plotted the calculated spec¬ 
trum for 2 = 2-0; the latter curve falls off much more rapidly than the 
observed intensity. 

417 . The agreement between the calculated curve and the observa¬ 
tion could be improved by modifying the incident spectrum. In fact, 
as was pointed out by Nordheim (1938), it is possible to obtain any 
absorption curve by a suitable choice of the incident spectrum. Com¬ 
pare also Heitler (1937 6). Agreement between calculation and observa¬ 
tion is therefore no proof of the validity of the cascade theory. We 
shall, however, give reasons which make the assumption of a spectrum 
of the type (91) likely; it is therefore satisfactory that this spectrum can 
roughly account for the intensity distribution of the soft component at 
high altitudes. 

(6) Absolute Intensity 

418 . The absolute intensity of the incident spectrum can be estimated 
according to E. Eegener (1933) and according to Bowen, Millikan, and 
Neher (1937) in the following way. 

The total influx of energy 2B can be evaluated when assuming that 
all the energy incident to the atmosphere is eventually converted into 
ionization. The average energy required to produce one ion pair is 
32 eV. and the total energy spent in ionization can be written as 

as == 32 eV. J i{e) de, (92) 

where i{d) is the rate of ionization at the depth d and the integration is 
to be carried out from the top of the atmosphere down to the greatest 
depths below sea-level. 

We note that for two reasons the inflowing energy is in fact somewhat 
larger than (92): (1) A certain amount of energy is spent in the produc¬ 
tion of low-energy quanta and this energy is transformed into heat. 
This effect has been investigated theoretically by E. J. Williams (1940 6); 
it does not seem to be of great importance. (2) A certain fraction of 
the energy is transformed into neutrinos; it is very difficult to decide 
whether or not any of the energy given to neutrinos reappears in form 



I I 

Calculabcd hransitiqn eFPccj: 

9orJ^(w)=(^w-^'^. w> 2000 
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of ionization. TMs second effect might give rise to a factor up to 2 on 
the right-hand side of (92). 

419. The energy flow 3DS represents the flow due to all primaries. 
Assuming two types of primaries, namely electrons and protons (see 
next chapter), we have 

2B=2Bel.+ aBprotons* (93) 

There is no indication as to the relative values of 9PSei. 2Bprotons 

though the two flows might he of comparable orders of magnitude. 
Considering the various uncertainties we shall assume in the following 
as a first approximation 

3Bei. -- (9^) 

Using the observed height-ionization curves Millikan, Neher, and 
Pickering (1942) obtain 

2B = 1-4 X 10® MEV. per cm.^ per min. (95) 

The above value is found for geomagnetic latitudes exceeding 50°. 
The flow for lower latitudes will be discussed in the next chapter. 

The flow of energy can be expressed in terms of the spectrum <S{w) 


as follows: 


2B = J wQ(w) dw. 

(96) 

0 

We have with help of (91) 


aOS - 

z—l 

(97) 


The numerical value of Iq can thus be determined from (95) and (97). 
The exact value depends on the choice for z. We find: 


Table 6 

Primary Intensity 1 q 



z = 1-6 

1-8 

20 

Iq in particles per cm.^ per 




min. per unit solid angle 

4-2 i 

5-0 

5-6 


420. The total primary electron intensity can be worked out with 
help of Table 6 and the cascade theory. Por sufficiently large values 
of ^ the effect of the cut-off of the primary spectrum at low energies 
can be neglected and we can assume the vertical intensity to be given 
(39). The intensity in a direction inclined at d' to the vertical is 
therefore given by (we neglect the second exponential) 
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Integrating over all directions of incidence we find for the total intensity 

hr 

1(0 = 277 J d&. (98) 

0 

And using the approximate relation 

r shid'dd‘ (99) 

J aS 

weSnd 7(0 = 277/o(^J*9Kq(2+l)^. 



z = 1-6 and 2*0. 


In Fig. 74 we have plotted log 1(0 against 0 We see from Fig. 74 that 
primary cascades cannot contribute more than a negligible amount to 
the soft component at sea-level. The contribution of primary cascades 
to the soft intensity at 4,300 m. is probably more important. 

The spectral distribution of the descendants of a primary spectrum 
is the same at any depth and is given by 


S(w) 


14 


( 101 ) 


(compare eq. (56)). 

421. It is interesting to note which primary energies are responsible for 

3595.40 B 
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electrons near sea-level. From the graphs, Fig. 128, Appendix II, we find 
as an empirical relation 

w^jw ~ 6-3exp(0'276$), 

where is the energy of an electron which produces on the average 
one electron with energy greater than w under the absorber 
We find the following numerical values: 

Table 7 


? = 

13-7 

24-0 

^0 = 

2-8.10* 

4-7.10® MEV. 


Wq is the primary energy which gives rise to one electron above the 
critical energy (100 MEV.) at the depth 

From the above table we note incidentally that primaries below 

= 2,000 MEV. give rise only to very few electrons below ^ = 13, 
say, and therefore we are justified in neglecting the cut-off below 
when evaluating the electron intensities for ^ > 13 (compare also 
Figs. 73 (a), (6)). 

2. The Secondary Soft Component 

422. We see from Kg. 74 that the soft component observed at 
sea-level and at moderate heights cannot be accounted for in terms of 
primary cascades reaching sea-level, if the spectrum is given by (91). 
For the sake of completeness we note that the observed intensity 
distribution could be accounted for in terms of cascades provided a 
primary spectrum rather different from that given by (91) was assumed. 

In fact, if we were to assume a spectrum with an exponent z decreas¬ 
ing with energy so that 

z->l for w->oo, (102) 

we would find that for large depths the effective value of the absorption 
coefficient a would approach zero and the intensity would approach 
asymptotically a constant value. 

The spectrum z = 1 is, however, singular as it contains an infinite 
amount of energy. By choosing a spectrum which approaches this 
singular spectrum, one could account for an arbitrarily small absorption 
of the intensity. 

It will be seen, however, in Chapter VIII that a primary spectrum 
with an exponent appreciably smaller than 1*5 is incompatible with 
observation of the extensive air showers. 

Thus the soft component at low altitudes must be assumed to be of 
secondary origin. 
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(a) Decay arid Knoch-on Electrons 

423, It was pointed out by Euler and Heisenberg (1938) that the 
soft component at sea-level can be accounted for in terms of the decay 
electrons of mesons. 

The soft component under ground and under thick absorbers was 
interpreted by Bhabha (1938 u) in terms of electron secondaries produced 
by mesons. Such secondaries are usually termed ‘knook-on electrons’. 

In the following section we shall evaluate the numbers of decay 
electrons and knock-on electrons to be expected at various heights 
above and below sea-level. It will be seen that only part of the soft 
component can be well accounted for by these two processes. 


Calculation of the intensity of the secondary soft component 

424. The magnitude of the soft intensity can be estimated by a 
procedure suggested by Williams (19406) and later improved by Rossi 
and Greisen (1942) and by Rossi and Edapman (1942). 

It is pointed out that all the energy lost by the mesons and trans¬ 
ferred to electrons is eventually converted into ionization. Assuming 
therefore stationary conditions one is led to expect that the average 
rate of energy transfer from the soft component is equal to the average 
rate of energy converted into ionization by the accompanying soft 
component. We have therefore for stationary conditions 



(103) 


where dwjdd is the rate of energy transferred from the mesons to the 
soft component, n is the average number of secondary electrons, and 
0 is the rate of loss of energy by ionization for the electrons. 

The equation (103) does not hold exactly as no exact equilibrium 
between the two components can be assumed. Most electrons at a 
given height have their origin higher up in a layer where the meson 
intensity is somewhat larger. 


Estimation of the intensity of decay electrons 

425. The probabihty that a meson of momentum p decays along a 
path dd giving rise to a decay electron of energy in the interval w\ dw' 
is according to Ch. V, eqs. (6), (28), (31), 


7^/ /V 


( 104 ) 
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We assume w' = p'c for the electron. The average energy of the decay 
electron is c^/2, as half of the energy of the meson is taken up by the 
electrons while the rest is taken up by the neutrinos. (The average 
energy of the decay electrons is only cp/Z if two neutrinos are emitted.) 
Therefore the average rate of energy converted from mesons into elec¬ 
trons is, according to (104), 

fdw\ 1 1 

2^4 is 

We note that the expression (105) does not depend on the momentum 
of the meson emitting the electrons. The rate of energy converted into 
electrons is therefore 

•where ^ is the thickness of the atmosphere above the observer in cascade 
imits. I{^) is the meson intensity per cm.® Taking o = 2-1 MEV. per 
gram per cm.® we find from (106), (103) 


n 




(107) 


426. The actual number of decay electrons observed is larger than 
given by (107) as most of the decay electrons are parts of cascades 
comii^ from higher above. Thus the actual intensity at sea-level 
depends on the number of mesons higher above and the decay proba- 
bihty higher above in a region of smaUer pressure and larger decay rate. 
A detailed calculation carried out by Rossi and Greisen (1942) shows 
that the lack of equilibrium is taken care of when introducing into (107) 

Introducing numerical values we find: 


Table 8 


Height 

•^decay./Imeaon 

I calculated 

259 (Chicago) 

0-44 

4,300 

0-79 
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427. For sake of completeness we note that we have so far neglected 
the contribution of mesons which have been stopped completely and 
decay afterwards. The number of mesons brought to rest is equal to 


— per cascade unit; 

di 

each meson at rest gives rise to a decay electron of energy 
/xc2/2 wJ2 (or ~ with two neutrinos). 

Hence the range of the decay electrons is \ cascade unit and the relative 
number of decay electrons thus produced is given by 


n 


tt 


2 / dV 


This figure is somewhat uncertain as there is evidence to the effect 
that some of the slow mesons are captured by nuclei before decay. 
The above value of is therefore an upper limit. 


Intensity of knock-on electron component 

428. The mesons also give rise to electron secondaries. The intensity 
of the soft component due to such knock-on electrons can be estimated 
in a way very similar to that due to the decay electrons. 

The probability of a meson giving rise to a secondary with an energy 
in the interval w\dw' is according to eq. (177), Ch. Ill, 

(109) 

Wj^ = maximum transferable energy. 

This formula is approximately valid for all energies exceeding m^c 
provided the spin of the meson is taken to be 0 or -J. (Should the spin 
of the meson be 1, the equation (109) has to be modified for energies w 
exceeding 2.10^ MEV.) The total energy transferred by a meson to 
electron secondaries with energies 

Wi>a,mQC^ (a > 1), 




is obtained from (109) as 

^ = <^m,c4log - , 

For not too high meson energy, we may put 




( 110 ) 


(111) 
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where p is the momentum of the meson. Thus we obtain for the rate 
of energy spent in the production of secondaries 


^ = 0-16flog«-^^^—0-5^ MEV./gram per cm.^ (p in MEV./c), 
dd \ ®®100Va / '6 ^ 

where (py is the average meson momentum. 

We obtain for the average number of knock-on electrons accompany¬ 
ing the mesons from (103) 

_ {dwildd) Q12 

“toock-on- - ' 

Introducing 

a = 20 (corresponding to electrons above 10 MEV.), 

(py = 3,500 MEV. (compare Ch. IV, eq. (21)), 


we find ^knook-on = (sea-level). 

429. As most of the knock-on electrons have low energies the correc¬ 
tion to ^iniock-oii caused by the lack of equilibrium between electrons 
and mesons can be neglected. 


Comparison with observations 

Sea-level and above 

430. The intensity of the secondary electron component at a depth £ 
can be calculated ficom (108) and (112a). We proceed to compare these 
formulae with observations of Greisen (1942). 

Greisen carried out measurements at various altitudes, corresponding 
to values of ^ between 13 and 24. He measured the absorbable part of 
the cosmic-ray intensity. Greisen measured that fraction of the total 
intensity which consists of particles with ranges less than 

167 grams per cm.^ 

The main contribution to this absorbable part is due to electrons. 
In analysing Greisen’s data we have to assume the following contribu¬ 
tions to the absorbable intensity: 

(1) Knock-on electrons as estimated in § 428. 

(2) Decay electrons, estimated in §§ 425-6. 

(3) Mesons with ranges less than 167 grams per cm.^ 

The contribution (3) is of the order of 

, 167 grams per cm.^ 

dense 
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The values of (<i//d0)cieiise can be taken from the measurements of Rossi, 
Hilberry, and Hoag (1940) as reported in § 360, Ch. V. 

Collecting all data the following table is obtained: 


Table 9 

Relative intensities 


Altitudes 

Decay electrons I 

Slow 

mesons 

Knock-on 

electrons 

Total 

calculated 

Observed 

m 


Fast 

mesons 

Slow 

mesons 

269 

23*4 

0*22 

0*01 

0*07 

0*1 

0*4 

0*60±0-02 

1616 

19-9 

0*31 

0*01 

0*09 

0*1 

0*6 

0*74±0-06 

3240 

16-6 

0*39 

0*02 

0-13 

0*1 

0-66 

1*20±0*06' 

4300 

14*3 

0*47 

0*06 

0*27 

0-1 

0*9 

1*81±0*06 


It seems from the table above that the soft component near sea-level 
can be accounted for in terms of decay electrons and of knock-on 
electrons. The observed intensity of the soft component increases, 
how’ever, much more rapidly than the calculated intensity. It seems, 
therefore, that the soft component at 4,000 m. above sea-level is only 
partly due to knock-on electrons and to decay electrons. It is seen from 
Fig, 73 (a) that the gap between calculated and observed values shown 
in Table 9 is of the same order as the primary soft intensity produced 
by an incident electron spectrum with exponent 1-6. This conclusion 
is strongly supported by the work of Bernardini, Cacciapuoti, and 
Querzoli (1948). 


Below ground 

431. The calculation of § 428 of knock-on intensity is based on the 
approximation (111) for the maximum transferable energy. This 
approximation holds only for primary energies much smaller than 

20,000 MEV. (113) 

(compare § 167). The average energy of the mesons at sea-level and 
above is safely below this limit and therefore the use of the approxima¬ 
tion (111) is justified for these regions. 

The average meson energy is, however, expected to increase below 
ground (compare eq. (25 a), § 313). For depths of the order of 100 m. 
water equivalent or more the average meson energy will be above the 
limit (113) and therefore for these depths the maximum transferable 
energy may be approximated by 




(114) 
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instead of (111). Tor such depths we have for the relative intensity of 
the soft component 

<y> ii 




4 


ri = O-OTS^log, 

Inserting th.e value for <(pX namely 

^ 2,000 MEV./c 
^0 z -1 

from equation (21), Ch. IV, we find 

n = O-32+O-171og(0/5o) for 6 > 2O0o. 
Inserting numerical values we find 

Table 10 


(115) 

(116) 

(117) 


Depth in metres H^O 

^knock-on 

200 

0-68 

600 

0-66 

1,000 

0-70 


The values of Table 10 may be of the right order of magnitude, though 
no siifficiently accurate determinations of the relative intensity of the 
soft component at great depth are available. 

(6) Spectrum of the Secondary Soft Component 
432. We determine in the foUowing the differential spectra 

0 and &\w, t,) 

of electrons found at a depth ^ below the top of the atmosphere. The 
id) refers to ‘decay’ while the index {Ic) refers to ‘knock-on’, 
de^h differential meson spectrum at the 

00 

= j 0 dw 

for the total meson intensity. 

We write for the probability that a meson of energy w' gives rise to 
an electron of energy in the interval u;, dw ^ 

P{w', w)dwd^, 

Th. o( electron, produced in a lajer dj i, then given by 

oo 

s(io, OdC = J SJw', 0-P(w', w) dw\ 


(118) 
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The electrons of the spectrum s^i. produce cascades and the spectrum 
of electrons at a depth ^ arising from all layers above is given by 

^ OO 

<5{W, a = J J %.« DqK C-D dw'dl'. (119) 

0 W 

We liave to evaluate the integral (119) for the cases of decay and of 
hnock-on. 


(i) High-energy region 
Decay electrons 


433. We approximate the meson spectrum by 

S„(v}, t) ci (120) 

In this approximation ve find from (118) and (104) for the differential 
decay electron spectrum, disregarding cascade midtiplication. 


« = (. 21 ) 

To obtain the actual spectrum at a depth ^ below the top of the 
atmosphere it is necessary to consider the cascade multiplication of the 
decay electrons. 

434. We proceed to calculate the decay spectrum at a depth 1 below 
the top of the atmosphere arising from all decay electrons produced 
above. We have to insert (121) into (119). 

We note that according to (121) the electrons produced in any layer 

form a power spectrum. According to (56) an incident power spectrum 
produces a similar spectrum at any depth below. Therefore the integration 
with respect to it;' in (119) can be carried out analytically, and we find 


J Sel,(w^'= r)cio(«''. t—l')dw' 


= s . {w, I') 

’ \ <l2—“l 


19 = 2+2 


Introducing we have further 


®®(», £) = (fi’A f if, 

z-\-2 c/fl J (fla fli)^(? C ) 


p = 2+2. 


The density k {^—^") varies inversely with depth and we may put 
approximately 

1 _ 1 ^ 

k(c-n A(o^-r '*(D\ 




(122) 
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Because of the rapid decrease of the exponentials the integration can 
be carried to infinity. We thus obtain 

1+02)® 


(2+2)w;' a i 

We may put 


of oi 


—)i • 


2 = 2-3 


(see Fig. 75). We find 

® ' <5J,w') w' 

where Aj^{l) has the following numerical values: 


(123) 


(124) 


Table 11 


Height 

i 

AM) 

Sea-level 

24-0 

9-2 MEV. 

4,300 

13-7 

17-0 MEV. 


We see from (124) that the spectrum of decay electrons decreases more 
rapidly than that of the mesons. 

In Fig. 76 we have plotted the calculated integral spectra for mesons, 
decay electrons, and electrons arising from primary cascades. The 
curves all refer to sea-level. The spectra for higher altitudes are similar, 
except that the primary electron spectrum becomes rapidly predomi¬ 
nant with increasing height. 

We note that at sea-level the decay spectrum is more important than 
the ‘primary’ spectrum up to moderately high energies. For very high 
energies the spectra cross and the ‘primary’ spectrum is predominant. 
For a primary spectrum with 2 ; = 1*6 the two spectra become equal 
at 105 MEV. 


Spectrum of knock-on electrons 

435. The rate of knock-on electrons produced in a layer dd with energies 
in the interval w',dw' is obtained from (177), Ch. Ill, with~ c, as 


s„{w',C)de = 0-075^ J dpdd, ( 126 ) 

where p' is the smallest momentum at which a meson can give rise to 
an electron of energy w\ 

Confining ourselves to energies w' > 2x 10^ MEV. we put 


w' ~ cp'. 

With help of (118) and (126) we obtain 




z{z+l)w 


70 - 075 . 


(126) 
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The electron spectrum at a depth ^ is obtained by integrating over the 
cascades produced above. We obtain as the result of a short calculation 

S(fcW) == 0*536 (ty'inMEV.; w' > 20,000 MBV.). (127) 

We see that the high-energy end of the knock-on spectrum is very 



log(^^r) 

Fig. 75. Integral spectra (particles per sq. cm. per min.). 


Curve M, meson spectrum: 

0 observed points • 

El calculated from intensity under 1,000 m. water equivalent 

-extrapolated (2 = 2-3) 

Curve E, electron spectrum: 

between 1 and 2, obs. Williams (1939) 

3, obs. Williams (1939) 
beyond 4, calc, from eq. (124) 

Curve Pi, calculated spectrum of primary electrons (2 - -o) 

Curve Pa, as above (2 = 2-0) 

similar to that of the spectrum of the decay electrons; both spectra 


decrease in the same way. j-n j -f 

We note that the knock-on spectrum is strongly modified 


one 
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assumes that the mesons have a spin 1 and not 0. In this case we have 
to replace (125) by 


= 0 . 0 , 5 ^. J 


where = 20,000 MEV. (see (179), Ch. III). We obtain for 

the knock-on spectrum 

r- / /xf0*726 , 0-485) 

&\w') = (129) 

Due to the second term in the curly bracket the knock-on spectrum 
(129) tails off in the same way as the meson spectrum itself for energies 

w' > Wq. 

We shall discuss the evidence as to the high-energy region of the 
secondary electron spectrum in §§ 455 and following. 


(ii) Low-energy region 

436. The exact spectrtim of the low-energy electrons is difficult to 
estimate, but the following remarks are useful for the determination of 
the orders of magnitude. 

1. Decay, The number of low-energy decay electrons is very small 
as can be shown easily. Low-energy electrons are, however, produced 
by the cascades due to high-energy electrons. The number of electrons 
below the critical energy in air may be assumed to be about half the 
total number of electrons. It is not unreasonable to assume that 5 to 
10 per cent, of these have energies below 10 MEV. (compare §§ 392-3). 

2. Knoch-on. The number of knock-on electrons emitted with 
energies less than is not negligible. Assuming that these electrons 
are mainly absorbed by ionization we may assume that the range of an 
electron energy w <Wf, is 

3i(w) = wlw^./a, (130) 

The number of electrons with energies in the interval w\ dw' is therefore 
given by 

dw' = 0-075-^4 = 0-0334^. (131) 

ww^ w 

437. The observed number of electrons between 3 and 100 MEV. is, 
according to Williams (19396), 

intensity of electrons {B <w' < 100) = 0-264> 


(132) 
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wliile we find from (131) 

100 

J e»>(w') dw' = 0-03341og,i§2 = 0 - 114 ; (133) 

3 

adding to this number the number of slow electrons arising from decay 
we obtain a total in reasonable agreement with Williams’s figure. 



Fig. 76. Observed and calculated 
absorption curves of soft component. 

(c) Absorption Curves 

438, The absorption of the soft component in lead and aluminium 
has been treated by Arley (1938) in terms of cascades. Arley determined 
the probability of an electron producing at least one electron emerging 
out of a given absorber. 

We write for this probability 

where d is the thickness of absorber, w the energy of the incident 
electron. The absorption function for the soft component is obtained 
by averaging this probability over the electron spectrum incident on 
the top of the absorber. One obtains 

<^^(0) = J P(w, e,N^ dw. (134) 

The integral (134), evaluated by Arley (1938), is not a very significant 
test of the theory. Recent calculations by Bernardim, Cacciapuoti, and 
Querzoli (1948) lead to a more significant agreement between theory and 
observation. Theoretical results, together with the observational results 
of a number of observers, are shown in Fig. 76. 
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There is agreement between theory and observation at sea-level. The 
calculations are based on the assumption of an electron spectrum in 
equilibrium with the hard component and the ideas described in § 424 
are made use of. 


3. Interpretation of Showers 

Showers are observed by means of: 

1. Cloud chamber. 

2. Burst chamber. 

3. Counter arrangement. 

(a) Cloud-chamber Evidence 

439. Cloud-chamber photographs of showers make it likely that 
most of the showers are cascades. Typical photographs are shown in 
Plate 2, A few particles are seen to enter a lead plate. While traversing 
the lead plate the particles give rise to a great number of secondaries. 
The secondaries spread out fanwise. 

The incident particles can be assumed to be electrons forming part 
of a cascade shower coming from above. These electrons give rise to 
separate cascades in the lead, and thus a larger number of particles 
emerge from the bottom of the plate. 

According to the cascade theory a large fraction of the particles 
coming out of the lead must have energies of the order of the critical 
energy in lead, that is of the order of 7 MEV. The scattering of such 
low-energy electrons in lead is quite appreciable and therefore the 
low-energy particles are scattered almost uniformly into widely diverg¬ 
ing directions. 

Interesting photographs of cascades were also obtained by Hazen 
(1944 a) and by Fretter (1948), see Plates 3 and 9. Cloud chambers were 
used with several horizontal lead plates; showers are seen to develop 
while passing through the plates. 

440. As the photographs were taken without a magnetic field the 
energies of the shower particles could not be determined. A comparison 
with the cascade theory was carried out by Hazen in the following way. 

Assuming a shower to be a cascade the energy w of the primary can 
be determined from the observed number N of tracks seen on the 
photograph. From the energy determined in this way the number of 
particles at the maximum can be derived. It is found that the maximum 
number of particles thus estimated agrees roughly with the observed 
maximum number seen in the photographs. 
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The photographs of Hazen thus support the assumption that the 
showers are cascade showers. More experiments of this kind would he 
useful. 

441. According to the cascade theory, cascade showers should con¬ 
tain positive and negative electrons in about equal numbers. This had 
already been observed in the early cloud-chamber investigations. 

Cloud-chamber evidence is also forthcoming for the occurrence of 
photons in showers. The photographs a and gr, Plate 3, give examples 
of showers containing photons. 

442. The investigations with the burst chamber can be interpreted 
very simply; the burst sizes are proportional to the numbers of particles 
in the showers. Burst chambers are, however, only reliable when large 
showers are to be investigated. 

The combined observations with cloud chamber and burst chamber 
show that the size distribution of showers obeys a power law within 
very wide limits (see § 401). 

{b) Counter Experiments 

443. Most shower observations have been carried out with counters. 
Unfortunately, however, results obtained with counter arrangements 
cannot be interpreted in a simple way. The interpretations are rendered 
difficult by the complicated geometrical aspects of shower recording 
sets. It will therefore be necessary to discuss some of the purely 
geometrical aspects of shower coincidences before giving the physical 
interpretations of the phenomena. 

The geometry of counter arrangements 

444. The most important question for the interpretation of counter 
results is the efficiency of a given counter system of recording a shower 
containing N particles. 

Various authors assume that a shower arrangement which can be 
discharged by a minimum of n particles is most sensitive to showers 
containing about n particles. This assumption is completely fallacious 
as will be seen in the following. 

445. The efficiency of a counter arrangement of recording showers 
of given sizes was measured directly by Montgomery and Montgomery 
(19356) in the following way. 

A triangular counter set was placed immediately below a spherical 
burst chamber. A certain fraction of the bursts corresponding to N 
particles crossing the ionization chamber was found to give rise to 
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coincidences of the counter arrangement. The fraction of bursts 
accompanied by coincidences is plotted in Fig. 77 against N, the number 
of particles. 

We note that only bursts containing many more than three particles 
are recorded efficiently by the triple coincidence system. 



Fig, 77. Observed and calculated relation between bursts and shower 
coincidences (Montgomery and Montgomery, Phys, Rev. 48, 786 (1935)). 


446. The observations shown in Fig. 77 were interpreted by Mont¬ 
gomery in the following way. 

Most of the showers recorded by chamber and counters can be 
assumed to originate from a 2-5-cm. thick lead absorber placed over 
the chamber. The solid angle subtended by the chamber as seen from 
a point in the absorber may be denoted Q while the solid angle sub¬ 
tended by any of the counters is co. 

It is assumed that the probability that a shower particle after having 
passed through the chamber is also passing through a given counter is 

p = <.![!. (136) 

For the actual arrangement of Montgomery it is found that 

p = 0*01. (136) 


Consider n counters placed below the chamber. The probability that 
out of iV particles passing through the chamber, pass through the first 
counter, Jg through the second counter, and so on, is given by 




(137) 


An «.-fold coincidence is registered whenever at least one particle passes 
through each of the coimters. This probability is given by 

= 2 ^(ii ^ ^ I.-)- 


(138) 
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The summation in (138) can be carried out and as the result of a short 
calculation we obtain 

= ( 139 ) 

The expression (139) was found by Montgomery and is plotted in 
Fig. 77 for p = 0*01, and for various p in Fig. 78. The agreement 



Eia. 78. A priori probabilities. (Montgomery, Phya. Rev. 48, 786 (1935).) 

between (139) and observation is remarkably good when we remember 
that the expression (139) contains no adjustable parameter. 

The total rate of coincidences is 

V„ = a2 ( 1 «) 

N^n 

It was found that (140) is in fair agreement with observation. 

It is convenient to replace the distribution (139) by the following 
approximation: for p 1 we may put 

(l—jp)N exp{—jpN), 
and therefore we have instead of (139) 

^ {l--exp(—piV)}’^. (141) 

447. It is interesting to estimate the size of showers which are 
mainly responsible for the observed coincidences. 

Introducing (141) into (140) and replacing the sum by an integral we 
have 

00 

K = A j (142) 

71 —i 

Introducing a new variable 

logy = N, 
s 


3595.40 


(143) 
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we may write 

= A j exp{—2;y+7^1og(l— dy. (144) 

For n> z the integrand has a strong maximum, and the integral can 
he evaluated by the saddle-point method. As the result of a simple 
calculation we find that the maximum is reached for N = Nq, with 

= ajp, (145) 

where a is the solution of the following equation: 


z 

n 



The value of the mtegral itself is obtained as 


with 



J(27r2;)(l—e-“)’^ 

^ V{(^/n)e«-l} ‘ 


Introducing ?^ = 3 and z = 2*3 we find 


a = 0*5. 


(146) 


(147) 

(148) 


For the arrangement of Montgomery (1935 b) we may put p = 0-01 and 
thus we have 


JVo = 50. 


(149) 


The size distribution of showers and the cascade theory 

In the following we shall interpret shower observations in terms of 
cascades. We shall make use in this section of the electron spectra 
derived above. These spectra are given by eq. (101) for primary, eq. 
(124) for decay, eqs. (127), (129) for knock-on electrons. 

(i) Showers due to decay electrons 

448. The number N{w) of particles produced by an electron of 
energy w falling on an absorber of thickness i is roughly given by 

iV (150) 

as can be seen from (70) and (71). The number of showers containing 
more than N{w) particles is expected to be equal to the number of 
electrons with energies exceeding w. We assume the incident electron 
spectrum to be given by 

®el.(^) {z = 2-6) 


(151) 
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(compare (124)). The observed distribution (86) can thus be derived 
from the spectrum (151) provided the following equation is fulfilled: 

2-3/(5o-1) = 2-6; (152) 

and therefore = 1-8. (153) 

We have evaluated N{w) for ^ = 3 and ^ = 5 with help of (70) and (71) 



(Fig. 79). It is seen that for ^ = 5, N{w) is fairly well approximated by 
(broken line) in the region from 20 to 1,000 particles. 

We conclude therefore that the size distribution of bursts as observed 
by the Montgomerys (19356) can be accounted for in terms of cascade 
showers produced by decay electrons. 

449. Further evidence for the interpretation of bursts in terms of 
cascade showers is obtained from the observations of Braddick (1939). 
Braddick used an ionization chamber under 1-5 cm. of lead. This 
absorber corresponds to r ^ 

We have plotted in Fig. N{w) for 4=3. It is seen from the graph 
that we can put approximately 

N{w) for 4 = 3 

and therefore the burst distribution should be given by 

0(i\r) -- w-5-2. 

The exponent observed by Braddick is 4-2 instead of 5-2, this is in quali¬ 
tative agreement with the calculation. The actual cascade calculation 
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is of course not very accurate for such a small thickness. Comparing 
the results of Montgomery = 5) with those of Braddick = 3), it 
must be regarded as satisfactory that the observed value of the exponent 
% increases with decreasing thickness of absorber, just as expected from 
the theory of cascade showers. 

450; The absolute rate of bursts can also be understood qualitatively. 
The rate of bursts at sea-level observed by Braddick (1939) was 4*6 per 
hour. The collecting area of the lead was 630 cm.^ Thus the rate of bursts 
per cm.2 per min. is 

4-6/(60x630) = 1-2.10-4. (154) 

The rate (154) is equal to that of decay electrons of 
w = 6,000 MEV. = 860t4;g (lead) 

as can be seen from Tig. 75. Further, we find from Fig. 79 that electrons 
of 6,000 MEV. give rise to showers of about 30 particles. 

According to Braddick’s calibration the smallest bursts recorded 
contained 40 particles. 

We conclude that the observed rate of showers is in agreement with 
the calculated intensity of decay electrons. 

(ii) Showers due to knock-on electrons 

451. The electron spectrum at sea-level contains apart from decay 
electrons also knock-on electrons. Inspecting eqs. (124) and (127) we 
see that the number of knock-on electrons must be assumed to be small 
compared with the number of decay electrons. The actual number 
of knock-on electrons is correctly given by theory, as shown by 
J. G. Wilson (1938a) and in more detail by Seren (1942). 

That showers above sea-level are due to both decay electrons and 
knock-on electrons is, however, supported by observations showing 
that the shower intensity shows a very pronounced 'absorption 
anomaly’. 

It was found by Alocco and Drigo (1934), Auger, Leprince-Ringuet, 
and Ehrenfest (19366), Janossy (1938 a), and others that the rate of 
showers observed decreases strongly when layers of dense material are 
placed above the arrangement. 

This anomaly is shown even more clearly by measurements due to 
Ehmert (1937) showing that for the first few metres under ground the 
rate of showers is absorbed much more strongly than the hard com¬ 
ponent. The absorption is interpreted as being due to the absorption 
of the decay electrons in the ground. 
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(iii) Primary electrons 

452. Height-intensity distribution of showers. Considering the height- 
intensity distribution of showers one has to distinguish clearly two 
t 5 rpes of experiments. 

1. Showers observed under thin lead 1-3 cm. thick. 

2. Showers observed under thick screens of lead, say 10 cm. thick. 

453. (1) Showers observed under thin layers of lead increase very 
strongly with height. The following figures have been collected by 
Euler and Heisenberg (1938). 


Table 12 

Increase of shower rate under thin absorbers 


Size of shower 

Increase between 
sea-level and 

45 cm. Hg pressure 

Observer 

< 10 

8-5 

Woodward (1936) 

10 

101 


20 

17 

Young and Street (1937) 

30 

22 1 


40 

26 

Montgomery (1935 a) 


It is seen that the rate of showers increases more rapidly for larger 
showers than for smaller showers. This difference in the rates of 
increase was explained by Euler and Heisenberg (1938) as being due 
to the superposition of the decay spectrum and the primary spectrum 
of electrons. 

The different rates of increase with height for showers of different 
sizes can be understood as follows. 

Considering showers due to decay electrons only, we expect a small 
increase of shower rate with height. The increase of the decay-electron 
showers is mainly due to the increase of the decay rate with height due 
to the decrease of air density. 

The showers due to primary electrons are expected to increase very 
rapidly with height. The increase is expected to be roughly exponential 
and the rate of increase is independent of shower size (see § 384). 

The total shower rate is due to both decay showers and primary 
showers. At small energies, however, the decay spectrum is relatively 
more important than the primary spectrum. Therefore the rate of 
increase of the small showers will be nearly that of the increase of 
the decay spectrum. At large energies the primary spectrum becomes 
gradually more important than the decay spectrum. Therefore the rate 
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of increase of large showers is mainly determined by the (large) rate 
of increase of the primary spectrum. 

The increase of the burst rates as observed for different shower sizes 
could not be accounted for in terms of decay electrons alone. This 
conclusion confirms that of Rossi and Greisen (1942) to the effect that 
the soft component increases with height more rapidly than the decay- 
electron component. 

One expects therefore that with increasing shower size the primary 
showers become gradually predominant and the rate of increase with 
height increases gradually from that of the decay electrons to that of 
the, primary electrons. 

454. (2) Showers observed under sufficiently thick lead absorbers 
cannot be due either to decay electrons or to primary electrons. Such 
bursts must be assumed either to be due to knock-on electrons or to 
quanta emitted by mesons in radiative collisions. The rate of such 
bursts should be proportional to the intensity of the more energetic 
part of the meson spectrum and therefore the rate of such bursts is 
not expected to increase with increasing height. 

The rate of bursts observed by Schein and Gill (1939) under 12 cm. 
of lead shows, however, a slight increase with height as can be seen 
from the following table. 

Table 13 

Relative burst frequeTicy under 12 cm. of lead 
(Schein and Gill, 1939) 

Height Sea-level 2,285 m. 5,550 m. 

Relative frequency 1 2-0 3*6 

The increase of burst frequency with height as shown in the above 
table may be due to the presence of a few energetic primary electrons, 
capable of penetrating 12 cm. of lead. 

The spin of the meson 

455. The rate of bursts observed under thick absorbers can be used 
to determine the number of energetic electrons produced by mesons. 
. The number of secondary electrons of high energy depends strongly on 
the spin of the meson. From (127) and (129) it is seen that many more 
high-energy secondaries are to be expected from the meson if it has 
spin 1 than are to be expected from the meson with spin 0 or Detailed 
calculations of Christy and Kusaka (19416) show that the rate of bursts 
observed by Schein and Gill (1939) can be well accounted for by 
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assuming the meson to have spin 0 or The assumption of a spin 1 
is shown to lead to a too large number of expected bursts (see Fig. 80). 
A different conclusion is reached by Chakrabarty (1942 a). 



Fig. 80. Plot of burst frequency per sec. per cm.* 
against minimum burst size. Curves 1, 2 calculated 
for spin 1, curve 3 calculated for spin curve 4 
calculated for spin 0. Christy and Kusaka, Phys, Rev, 

59, 414 (1941). 

If we accept Christy and Kusaka’s calculation, we have to conclude 
that mesons of spin 1 are rare. At the high energies required for burst 
production the decay of the 7T-meson must be expected to be unimpor¬ 
tant and the beam generating the bursts is probably a mixture of fx- and 
7T-mesons. 


The Rossi transition effect 


Position of the maximum 

456. The Rossi transition (see Fig. 65) can be accounted for in terms 
of cascade showers. Assume for simplicity that showers containing 
more than Nq particles are always recorded by a given arrangement 
while showers with fewer particles are never recorded. According to 
§ 447, for a typical arrangement, we may put Nq of the order of 50. 

The rate of showers under an absorber is therefore to be expected of 
the order of 




(155) 


where w(Nq, is the primary energy giving rise to Nq particles under the 
thickness Plotting w(Nq, against for fixed Nq, we obtain a curve 
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with, a flat minimum at Iq (see Kg. 81). The transition curve itself is 
obtained from (155); we see that the maximum of the shower rate is 
found at ^ thickness C = largest possible part of 

the spectrum is capable of producing coincidences. 



Assuming for instance Nq = 50 (compare (149)) we find 
‘^(^o) = 5,000 MEV. and = 4*5 cascade units = 2*3 cm. Pb. (156) 

The above value of is of the same order as the depth at which the 
Rossi maximum is observed, see e.g. Fig. 70. increases with JVq, thus 
for bursts the maximum is to be expected at greater thickness. This 
was shown to be the case, e.g, by Boggild and Karkov (1937). 


First slope of the transition curve 

457. The first slope of the transition curve is found to be roughly 
proportional to Z^/A when comparing different elements (see § 406). 

(157) 

We note that the energies responsible for most of the cascades are 
large compared with both the critical energy in air and the critical 
energy of the absorber. A high-energy electron traversing a thin layer 
of material gives rise only to few low-energy electrons and therefore the 
numbers of particles produced by high-energy primaries in thin layers 
of different elements are about the same per cascade unit, provided 
the thicknesses are sufficiently small. 


Thus we expect 




since A(Z) A/Z^. We are led to the relation (157). 
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For larger thicknesses, the low-energy electrons become increasingly 
important. Therefore a cascade in a light element develops to a much 
smaller extent than a cascade of the same energy develops in a heavy 
element. It is therefore clear that the maximum rates of showers are 
smaller in light elements than they are in heavy elements. Transition 
curves in Fe and Pb observed by Morgan and Nielsen (1937) are shown 
in Fig. 82. 



Fig. 82. Shower transition curves for lead • and iron O- From Morgan 
and Nielsen, J. of Franklin Inst. 226, 617. 

The interpretation we have given to the dependence of the first 
slope of the transition curve is not accepted by Arley (1943) (see also 
Trumpy (1943)). In our opinion the disagreement is at least partly 
caused by the fact that Arley considers in his calculations small showers, 
while here (in accordance with § 347) we assume that most showers 
recorded are comparatively large. 

It may be pointed out that even Arley’s results lead to a dependence 

for the first slope up to a few g./cm.^ (see Arley (1943), p. 189, Fig. 52). 



VII 

GEOMAGNETIC EFFECTS 

458. The cosmic-ray intensity is found to vary with geomagnetic 
coordinates. Near sea-level the intensity is about 10 per cent, smaller 
at the geomagnetic equator than at high latitudes. The latitude effect 
and other similar effects can be understood in terms of the deflexion 
of charged primary cosmic-ray particles in the magnetic field of the 
earth while far outside the earth’s atmosphere. 

In the first part of this chapter we give the theory of the motion of 
charged particles in the earth’s field due to StOrmer (see for references 
to earlier work Stormer (1930)), and further developed by Lemaxtre and 
VaUarta (1933) (see also Vallarta (1938)). In the second part we shall 
give the observations and their interpretations in terms of the theory 
of the motion of charged particles in the field of a magnetic dipole. 

A. Theory of the Motion of Charged Particles in a 
Magnetic Field 

1. Equations of Motion 

459. The equation of motion of a charged particle in an electro¬ 
magnetic field with components E and H can be written as 

|(mf) = .(E+lfAH). (1) 

The left-hand side of (1) represents the rate of change of the relativistic 
momentum, while the right-hand side is equal to the Lorentz force. 
We have 

m = m0jB, (2) 

where is the rest-mass of the particle. 

460. For later application we give the Hamiltonian form of the 
equation of motion. 

The canonical coordinates and momenta of a charged particle can be 
shown to be (compare e.g. Heitler, Quantum Theory of Radiation, p. 15) 

qi = x,y,z and (3) 

c 

where (i = 1,2,3) are the components of the vector potential A at 
the position of the particle and Piii= 1,2,3) are the components of the 
momentum of the particle. 
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The relativistic Hamilton function is given by 

^ = c ^a| |+e(l». 
And the equations of motion are 


= 


av, ’ 


TTi = — 


Hi 


(4) 


(5) 


The equations (3), (4), and (5) can be reduced to the original equation 
( 1 ) with the help of the well-known relations 

H = curlA, E = —gradO, divA-|-i^ = 0 . ( 6 ) 

c cl c ot 

461. In a pure magnetic field E = 0 , and from ( 1 ) 


mT~(mt) = 0. 
U/t 


(7) 


Therefore |p| = |mf | = const. ( 8 ) 

We note that the absolute value of the momentum is constant and 
therefore the relativistic mass itself is constant. 

In case of a pure magnetic field we may write instead of ( 1 ) 

d^v 


dt^ 


= (e/mc)(r aH), 


(9) 


where m is the constant relativistic mass of the particle. 


(a) Liouville's Theorem 

462. In the following we consider the motion of a large number of 
electrically charged particles. It will be assumed that the number of 
particles is so large that the distribution of the particles can be described 
in terms of a density. It is also assumed that the particle density is 
so small that the interaction between the particles can be neglected. 

Write 8iV* for the number of particles which have at the time t 
coordinates in the interval r, 8 r ( 8 r = 80 : 82 / 82 :) and momenta in the 
interval 7t, Tc-f-STt. The particle density round the point r and momen¬ 
tum Tc can thus be expressed as 


D = 




( 10 ) 




with 


( 11 ) 
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During a short time interval At the SN^ particles will move, and at the 
time t-]-At they wiU occupy instead of the region 8')^* the region 


with 


( 12 ) 


877^ Stt^ 

Sx' = 8a;^l etc., = 87T£p|l etc. (13) 

Isfeglecting higher powers of At we find with (11), (12), and (13) 

\^x' dz' dTTy dvg) 


(14) 


and therefore with the help of (5) and (10) 


dB* 

dt 


0 . 


(16) 


The above equation is known as Liouville’s theorem. 

463. For a constant electromagnetic field Liouville’s theorem can be 
reformulated in the following way. Consider the particle density defined 
instead of (10) thus: 

- S^* 

Z)* = ^ with Br* = 8x8ySzSp^8p^8p,. (16) 

8N* is the number of particles in 8'^*. We find with the help of (3) 
and (5) 

^(D*-D*) = -Z>*divA. 
dr ' m 


For a constant field div A = 0 (eq. (6)) and therefore 


dt 


0 . 


(17) 


464. We discuss the connexion between the density P* and particle 
intensity. 

The intensity i of the particles with momentum ^ at a point A in 
direction n can be written as 

8N 

^ 8S8D8p8t’ ^ ’ 

where 8N is the number of particles with momentum in the interval Sp 
crossing the area 88 in the time 8^ moving inside the solid angle 8Q. 
It is supposed that the solid angle 8fJ is small, and that the particles 
move nearly at right angles to 88, 


We write 8iV' = J ... J P* dp^dpydp^dxdydz, 


(19) 
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where the integrations have to be carried out over the region occupied by 
the dN particles at the time t. Introducing new variables we find easily 

dxdydz = dS and dp^dpydp^^ = p^dpdH, 

Thus = J... J D*^dSdtdpda = (20) 

where (-D*)average is the average value of D* taken over the region of 
integration. Dropping the average sign we see therefore 


as p and m are constants of the motion for a static magnetic field we 
find from (17) 

*= 0 . ( 21 ) 

The significance of (21) is that a group of particles starting from a 
volume element with momenta p, Sp give rise to a beam of constant 
intensity along their path. 

(6) Application of Liouville's Theorem to the 
Motion of Cosmic-ray Particles 

465, The theorem given in the last paragraph was applied to the 
distribution of the cosmic-ray intensity in the vicinity of the earth 
(Lemaitre and Vallarta (1933,5), Swann (1933), Fermi and Rossi (1933), 
Rossi (19346)). Assume the cosmic-ray intensity i^^ at a large distance 
from the earth to be isotropic. The particles reaching the vicinity of the 
earth can be traced back to infinity along beams of constant intensity, 
and therefore the intensity in any point and direction near the earth, 
which can be reached at all by particles coming from infinity, must be 
ioQ. As will be seen later there are directions which cannot be reached 
by particles coming from infinity. The intensity in directions which are 
accessible to particles of momentum p coming from infinity is the same 
as it would have been without the magnetic field. 

The intensity distribution of the incident particles near the earth can 
thus be determined if it is known which directions of incidence are 
‘forbidden’ by the magnetic field. The determination of the forbidden 
directions will be the main task of the following paragraphs. 

466. It may be noted that the actual shapes of individual orbits will 
only be important in connexion with problems where the radiation 
intensity cannot be regarded as isotropic at infinity. Problems of this 
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kind may arise in attempts to localize the sources of cosmic rays in 
definite directions. An anisotropy at large distances is also assumed in 
the theory of Compton and Getting (1935), in which it is assumed that 
the radiation intensity is anisotropic inside our galaxy due to the 
Doppler effect and aberration caused by galactic rotation. 

Anisotropy at large distance from the earth may also be caused by 
the permanent magnetic field of the sun (JAnossy (1937)). 

2. Orbits in the Field of a Magnetic Dipole 
(a) The Dipole Field 

467. The field of a dipole with moment M w’hich is parallel to the 
2 :-axis can be written 


H = — grad(Mz/r®), 

(22) 

■whence -with the help of (9) we find 


cM/dr ,, ,. \ 



(23) 


As the velocity of the particles is constant, we can introduce instead 
of the time the length of arc as the independent variable. We thus put 

t = sjv, (24) 

Introducing (24) into (23), the momentum of the particles and the 
moment of the dipole occur only in the combination 

s2 = \eKjcp\. (25) 

has the dimension of a length. It is convenient to introduce as 

the unit of length (Stormer) and thus to put 

•s = 1. (26) 

In this way the equations of motion written down in components are 
as follows (the positive 2-axis has to be taken in the direction of eM): 

a:" = _l[3^zz'-(3z2-r2)y'], 

y" = -^[i3z^—r^)x'—3xzz'], . (27) 

z" = —^3xzy’-%zyx'\ 

where the dash represents differentiation with respect to s. In the 
above umts the equations of motion (27) are freed from both p and M. 
We note, however, that the unit of length depends on these quantities. 
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The respective units of length have to be converted when comparing 
the orbits of particles with different momenta moving in the same 
field. 


(ft) Integration of the Equations of Motion 

468. Introduce cylindrical coordinates defined by 

ot-2 == T^—z^ = <j> = tan“^-. (28) 

X 

The equations (27) can thus be separated into two independent systems. 
Multiplying the first of the equations (27) by —y, the second by a;, and 
adding, a new equation is obtained, both sides of which have the forms 
of total differentials. Integrating this equation we obtain with the 
help of (28) 

= (29) 


The constant of integration g is the angular momentum of the particle 
at infinity with respect to the dipole. 

469, According to the definition of s 

= 1 (30) 

and thus we obtain from (29) and (30) 



Puttmg Q = 

we find with the help of (27), (29), and (32) 

2 0z • 


(31) 

(32) 


(33) 


Further, differentiating (30) with respect to s we obtain with the help 

of (31), (32), and (33) (note that Q' = 

\ 8m 8z I 


m 


n 


1 ^ 

28m' 


(34) 


470. The motion of the particle is defined by the equation (29) 
together with the equations (32), (33), (34). These equations are due to 
Stormer (see e.g. Stormer (1934)) and they permit the following simple 
interpretation. 

The equation (29) describes the motion of the meridian plane containing 
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the particle; the equations (32), (33), (34) describe the motion of the 
particle in this moving meridian plane (Fig. 83). 

The position of the particle in the meridian plane is defined by the rect¬ 
angular coordinates vr and z. From (33), (34) it is seen that the motion 
is exactly the same as if the particle were moving under the influence 
of a potential —6/2. From (31) and (32) it is clear that the velocity 





X 


Fig. 83. Separation of the motion of a particle into two components. 

of the particle is equal to unity when at infinity. (For simplicity the 
expression ‘velocity’ is used for derivatives with respect to 5.) 


Orbits in the equatorial plane 

471. In the following we derive the orbits which lie entirely in the 
equatorial plane. For such orbits 

z~z' = Q and m = r, (35) 

Introducing these values into (29) and (30) 


^—^0 = J 


(2g—l/r)dr/r^ 
V{(l-l/r2)(2g-l/r)”^} 


~ +2®''' iT V2 ’ 

r > 


V(l+9'), 


where F is the elliptic integral of the first kind defined as 



d>fr 

^(1—Fsin^)’ 
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472. For g = 1 ( 37 ) 

the expression (36) tends towards infinity for r 1 . The corresponding 
orbit is a spiral which approaches the circle r = 1 asymptotically either 
from outside or from the inside. From (29) and (30) it can be seen that 
the equations of motion admit also the following singular solution: 

r = 1 , <56 == (38) 

The solution (38) represents a periodic orbit. This periodic orbit is 
unstable, as the smallest disturbance would throw the particle out from 
this orbit into one of the two asymptotic orbits. The periodic orbit (38) 
is an example of an infinite number of periodic orbits. 

The periodic orbits and the orbits asymptotic to periodic orbits have 
been investigated in great detail by Stormer, Lemaitre (1934), and others 
(see for literature Vallarta (1938), Vallarta and Godart (1939)). They 
play an important role in connexion with the determination of forbidden 
directions. 

(c) Forbidden Directions 

Forbidden directions in the equatorial plane 

A direction is called forbidden if no particles coming from infinity 
can approach along this, direction. We proceed to determine forbidden 
directions in the equatorial plane. 

473. Introduce the angle cu between the tangent to the circle round 
the dipole and the tangent of the orbit. The positive direction in the 
circle should be taken in the direction of the periodic orbit (38). We 
have thus 


COS CO 

= r^', sin CD = —r' 

(39) 

and with help of (29), 

cos CD = 2g/r~l/r2 

(40) 

or 

l+r^ cos CD 

2r • 

(41) 


Orbits of particles moving in the equatorial plane can also be repre¬ 
sented in the (r, g)-plane. As g is a constant of the motion, each orbit is 
represented there as a straight line parallel to the r-axis. 

474. As cos CD has necessarily a value between 1 and —1 only certain 
parts of the (r, g)-plane are accessible to orbits. The boundaries of this 
region are found by inserting the extreme values for the cosine into (41). 
The equations of the boundary lines are as follows: 

(I) Q = {\+r^)l^rA 

(II) g = (l-r2)/2r.i 

The equations (42) represent two hyperbolae in the (r, g)-plane. These 

3695.40 T 
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hyperbolae are sbo-wn in Fig. 84 as curves I and II; the inaccessible 
region is shaded. 

Orbits in the equatorial plane are represented by straight lines in the 
(r, g)-plane. Examples of such orbits are drawn in Eig. 84 as point- 
dotted lines. Orbits coining from infinity are represented by the lines 
Oi, O 2 , and O 3 . These orbits approach according to their g-value either 



the boundary I or the boundary II. With the exception of the orbit 
g = 1 each orbit reaches the boundary and is turned back after contact. 
These orbits may be called unbounded orbits. 

An example of a bounded orbit is the line in Eig. 84. This bounded 
orbit dscillates between the points B and C. The orbit g == 1 behaves 
in a singular manner. When moving towards P, this orbit approaches 
P asymptotically without ever reaching P. The unstable periodic orbit 
(eq. (38)) is represented by the point P alone. 

475. Through a fixed point B there is only one orbit moving in a 
given direction. Thus if the orbit approaching R from a direction n is 
a bounded orbit, then the direction is forbidden; when the orbit 
approaching B in the direction n is unbounded the direction is allowed, f 
Erom Eig. 84 it is seen that in the equatorial plane all orbits with 

g > 1, r<l (43) 

t For the sake of completeness we may mention the occurrence of half-bounded orbits. 
An example of such an orbit is the as 3 nnptotiQ orbit approaching from outside the 
periodic orbit. This orbit is bounded in one direction and unbounded in the opposite 
direction. We shall disregard in the following discussion such orbits. 
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are bounded. All unbounded orbits fulfil either or both of the following 
conditions 

g < 1, r > 1 . (44) 


Note further that all bounded orbits are inside the periodic orbit r — 1 . 
Unbounded orbits cannot approach the dipole to a distance less than 
the distance corresponding to the point Q, Fig. 84, that is they cannot 
approach nearer than 

r = V2— 1 = 0-414. (45) 


Thus at distances exceeding 1 all directions are allowed, at distances 
smaller than 0-414 all directions are forbidden, between these two 
limits we have both allowed and forbidden directions. 

476. The distances in the above paragraph are expressed in units 
defined by (25) and (26). Introducing ordinary units of length we may 
put 

r' = (46) 


With the help of (25), (26) the results of the last paragraph can be 
expressed as follows. 

A point at a distance r' (cm.) from the centre can be approached from 
any direction in the equatorial plane by particles with momentum 
exceeding 


_ eM/c 

Pmax — ^^2 • 


(47) 


A point at a distance r' (cm.) is forbidden for all directions in the 
equatorial plane for particles with momentum less than 


^ „ .^max _ Pm&x 

(V2+l)^“ 5-84’ 


(48) 


Particles with momentum between Pjn&x ^^min approach the 
point r' from certain allowed directions only. 

Introducing for r' the radius of the earth, for M the magnetic dipole 
moment of the earth as given in § 512, we find 


Pn..x - 59,300 MEV./c, | 

= 10,200 MEV./c. / 

477. It remains to determine the forbidden directions in the region 

1 > r > 0-414. 


We see from (40) and (41) that a direction is forbidden provided 


l+r^ coso) 


> 1 . 


r < 1 and 


2 r 


(50) 
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The boundary between allowed and forbidden directions is obtained by 
replacing the > sign by = sign in (50). We thus find for the limiting 
direction (directions co < are forbidden) 


or 


2 1 

COSOJi -- - 

T 

1 


— OJi) 


(51) 

(52) 


Introducing ordinary units of length we find for (Oi = ^ 

invert = = 15,000 MEV./c. (53) 

The numerical value refers to conditions on the earth, invert the 
smallest momentum which can approach the equator in the vertical 
direction. 


Forbidden directions in general 
Stormer’s cone 

478. In this section the general problem of finding the forbidden 
directions of approach at any point A in the vicinity of the dipole is 
considered. 

In view of the application to problems on the surface of the earth, 
introduce the coordinates r. A, ^ for the point A: 

cos A = wjr. (54) 

A and 0 are, of course, latitude and longitude with respect to the dipole. 
A is taken to be positive on the hemisphere in the direction of cM, is 
measured in the direction of the periodic orbit. 

The direction of approach of a particle to the point A can be defined 
by the angles co and 77 . The angle a> is the angle between the orbit and 
the circle X, r = const.; its sign being defined in accordance with § 467. 
In the case of the earth co is the angle between the orbit and the east- 
west direction for positive particles, and the direction between the orbit 
and the west-east direction for negative particles. 

479. Measuring in units of s it is found that 

cosoj = (55) 

7) is the angle between the radius vector and the direction of the orbit. 
The sign of rj will be so defined that rj = 0 for an orbit approaching the 
dipole in the radial direction. Thus 

cos -37 = —r'. (56) 

The geometrical significance of the various angles is shown in Fig. 85. 
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With the help of (29), (54), and (55) we find 


COSO) = 


2g cosA 
T cos A 


(57) 


Thus the tangents of the orbits through a fixed point A belonging to 
the same value of g generate a cone. The axis of the cone is tangent 
to the circle of constant latitude, the semi-vertical angle of the cone is o). 



480. The motion of a particle can be split into two components 
(§§ 468-0): (1) the motion in the meridional plane (r, 2;-plane); (2) the 
rotation of this plane round the z-axis. The second motion can be 
determined from (29) provided the motion in the meridional plane is 
already known. We investigate the component of motion in the 
(r, 2;)-plane. 

According to equations (31), (33), (34) the motion in the (r,2:)-plane 
is equivalent to the motion of a particle of unit mass and zero energy 
in the field of a potential The potential Q defined by (32) differs 

in so far from an ordinary potential as it contains g, a parameter of the 
motion. 

481, It is clear, from (31), that the region 

Q <0 (58) 

of the (r, 2)-plane is inaccessible to particles. The boundary of the 
accessible part is thus formed by the line Q — Q. It should be noted 
that tlie region defined by (58) depends on the value of g; therefore 
orbits corresponding to different g-values have access to different parts 
of tlie (r, 2:)-p]ane. As orbits can pass through any point of space, it is 
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concluded that any point of the (r,2:)-plane must be accessible for 
•orbits with a suitably chosen g. 

482. To find forbidden regions and forbidden directions it is necessary 
to determine regions and directions which are approached by bounded 
orbits only. For this purpose it is useful to consider the boundary 
C = 0 in some detail. 

Introducing the coordinates r and A into (32) the following equations 
are found for the boundary linef 

(any g), 

(69) 

(g > cos^A). 


The lines have been plotted for g = 1-001, 0-999, 0-8, and 0-3 in Fig. 86. 
(The curves have been reproduced from Vallarta (1938).) 

483. We note that for g > 1 the accessible part of the (r, 2 :)-plane 
consists of two unconnected regions. The left-hand part of the region 
lies inside the space between the half-circle r = 1 and the 2 -axis. 
Orbits inside this region are necessarily bounded and therefore we 
conclude that 


T = 


V(9Hcos®A)— g 
cos A 

9+V{9^—cos^A) 

+ _ 

cos A 

9 —V(9^—°os®A) 

+ _ 

COS A 


points r < 1 are forbidden for orbits g > 1. (60) 

For g <I 1 the two regions melt together, but as long as g <—' 1 the 
potential distribution consists of two valleys connected by a narrow 
path on the equator near r = 1. 

We find further with help of (57) and (60) that directions are forbidden 
for which 


cos CO > 


cos A 


rcosA 


{r < 1). 


(61) 


These forbidden directions lie outside a circular cone with an axis in the 
east—west direction and a semi-vertical angle which is obtained from 
(61) by replacing the > sign by the equality sign. This cone is called 
the Stbrmer cone. 

484. The intersection of the Stormer cone for A = 0 with the equa¬ 
torial plane gives exactly the boundary between allowed and forbidden 

t For g < cos^A the radius vector intersects the boundary once, for g > cos^ A there 
are three intersections (see also Fig. 86). 
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directions in this plane. It was tentatively suggested by Termi and 
Rossi (1933) that aU directions inside the Stormer cone are allowed.f 
It will be seen later that this assumption gives a rough approximation 
of the facts. 



Fig. 86. Allowed and forbidden regions in r, A. From Vallarta, ‘Outline of the theory 
of the allowed cone*. University of Toronto Studies. (Road co instead of B.) 


485. A better approximation is obtained by introducing a critical 
g-value, say, and assuming that all directions corresponding to 
directions with 

^ 2g„ cos A , ^ 

cos 60 < cos 60 . = —^-— (r < 1) (62) 

rcosA 7-2 

are forbidden while all other directions are allowed. This value has 

t With the exception of a set of singular orbits, all directions inside the Stormer cone 
are allowed in the sense of being unbounded. The shadow effect of the solid earth how¬ 
ever, introduces important modifications (see § 488). 
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to be assumed to depend on latitude; Lemaitre and Vallarta (1933) find 
the following numerical values: 

Table 1 


A 

Sc 

0° 

1 

10° 

0*978 

20° 

0*911 

30° 

0*806 

31° 40' 

0*783 


Limiting momenta and latitudes 
486. From (62) it is seen that 

cos^A 

/• = - 

^(g2—cos CO cos®A)+go‘ 

Introducing ordinary units of length we obtain with help of (47) 


(63) 


p(A, co) — Pmax 7 


COS*A 


__ (64) 

' W(9o—cos CO c 08»A)+gj®’ 

p(A, co) is the smallest momentum which can reach the earth from 
outside at a latitude A through an angle co to the east-west direction, 
487. The following special cases, obtained from (64), are of impor¬ 
tance. 

1. Particles with momenta 

can approach the observer at latitude A from all directions. 

2. Particles with momenta 

cos^A 


are forbidden in aU directions at the latitude A, 


( 66 ) 


3. PTert(^) = Pi^> h) = ^^COS«A (p^ert = i^maxM.) (67) 

9o 

p(AjO), p(A,7t), and p(A,^) are plotted in Fig. 87 against A. Qc—^ 
assumed. Equation (67) gives the limiting momentum incident in the 
vertical direction. As does not depend greatly on latitude (67) is 
often replaced by 

Pyert(A) Pvert(0)cOS^A. (68) 

Finally, with the help of (64) it is found that particles with momen¬ 
tum p are partly forbidden in a belt of latitude A: 

Ai > A > Aa, 


(69) 
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with 


_ 1+V(1+89o/^’) 

cos'll-25^2 

_ -l+V(l+8g,/r3) 


COS Ac 


2^2 


(70) 


In the region round the pole above A^, jp is allowed in all directions, 
while in the equatorial belt ±A 2 , p is forbidden in all directions. These 



limiting latitudes occur, of course, only for appropriate values of the 
momentum. 


Deviations from the Stormer cone 

488. The results presented in the jireceding section give a rough 
approximation of the magnitudes of the allowed cones. Such an 
approximation is sufficient for the analysis of many problems. Problems 
arise, however, which make a more accurate treatment necessary. 

It was assumed in § 485 that directions are forbidden or allowed 
according to their c;-value. This assumption implies automatically that 
the allowed cones are circular. The accurate treatment shows, however, 
that the allowed cones are not exactly circular and that the deviations 
give rise to an asymmetry of the intensities from south and north. 

The asymmetry between north and south can be understood easily 
in terms of the shadow of the solid earth. Consider a point of observa¬ 
tion at the surface; a charged particle leaving the observer in a direction 
perpendicular to the direction of the magnetic force is bent round. If 
the momentum of the particle is sufficiently small the particle is brought 
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back again. Therefore most directions of approach perpendicular to the 
field strength will be forbidden for low momenta. The direction parallel 
to the line of force is not forbidden as far as determined by the local 


H 



field only. As at the northern hemisphere the lines of force are inclined 
towards the south, we expect a shadow effect there which cuts out more 
of the northerly directions than of the southerly directions. The inten¬ 
sity from the south should therefore be greater than from the north 
on the northern hemisphere; a corresponding excess from the north is 
expected on the southern hemisphere (see Fig. 88). 

A quantitative treatment of the north-south asymmetry was given by 
Lemaitre, Vallarta, and Bouckaert (1935) and by Lemaitre and Vallarta 
(1936a); it will be described later. 

489. A detailed theory of the allowed cone is required to deal with 
the finer details of the geomagnetic effects of cosmic rays. Such a 
treatment was given by Lemaitre and Vallarta (1936 a) and others. 
In the following the main results are summarized. 

A very brief outline of the actual theory will be given in §§ 490-9. 
An account of the theory of the allowed cone was given by Vallarta 
(1938) and the reader is referred to this paper for more detailed 
information. 

3. The Theory of the Allowed Cone 
(a) Summary of Results 

490. From the preceding sections it is clear that the directions outside 
the Stormer cone (eq. (61)) are forbidden. It remains to investigate 
which directions inside the Stormer cone are allowed. 
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Vallarta has defined a main cone (see Fig. 89) which Kes inside the 
Stormer cone, and all directions inside the main cone are allowed. 
Further, a region can be delimited which is called the simple shadow 
cone. All directions outside this cone are forbidden. Thus the Stormer 



s 


(c) 

Fig. 89. From Vallarta, ‘Outline of the theory of the allowed cone’. 

University of Toronto Studies, 1938. 

(а) Main cone. A = 0°, thick lines r = 0-45, 0-5, 0-6 Stormer units. 

(б) Main cone. A = 20°, thick linos r - 0-45, 0-5, 0-6 Stormer units. 

(r) Main cone. A = 30°, energy in milU-Stonner. 

cone together with the simple shadow cone form an upper limit for the 
extent of the allowed cone. The main cone forms a lower limit. 

Between the simple shadow cone and the main cone there is a region 
which is called the penumbra. The penumbra is a complex region con¬ 
taining an infinite number of allowed and forbidden subregions. Some 
of these subregions are of finite extension, others are infinitesimal. 

The results of Vallarta and others are collected in Figs. 89, 90. Fig. 89 
gives the extent of the main cone for various latitudes and energies. 
Fig. 90 gives the extent of the simple shadow cone. The penumbra has 
been studied in some detail and results can be found in a paper of 
Hunter (1939). For the equator there is no penumbra and the allowed 
cone coincides with the main cone. For high latitudes the penumbra 
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consist almost entirely of allowed regions and therefore at high latitudes 
the allowed cone is limited almost exactly by the simple shadow cone 
and the Stormer cone. The penumbra is most complex at intermediate 
latitudes. 



Atf ■ if ‘Outline of the theory of the allowed cone’. 

Attached numbers energies in Stormer units. University oj Toronto Studies, 1938. 

The following section, dealing with the details of the cones, is not 
essential for the understanding of other parts of this book and it may 
be omitted by the reader. 


{b) A Brief Outline of the Theory of the Allowed Conef 

Bounded and unbounded orbits 

491. A direction may be forbidden for two different reasons: (1) if 
the corresponding trajectory does not come from infinity, and (2) if the 

t For details see Vallarta (1938). 
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trajectory passing through it intersects the solid earth before arriving 
at the point of observation (see Fig. 91). In the second case the direction 
is said to lie in the shadow of the earth. 

The problem of determining the allowed cone 
without the effects of the solid earth has been 
treated satisfactorily. It has been shown that 
there are no bounded orbits for 

g < 0-78856. (71) 

It is conjectured by Schremp (1938) that the set 
of bounded orbits with 

1 > g > 0-78856 (72) 

is of zero measure. Whether or not this conjec¬ 
ture proves correct it appears likely that the 
bounded orbits inside the Stormer cone give a 
negligible contribution to the intensity. It can 
be concluded that neglecting the shadow effect of the solid earth, the 
allowed cone is practically bounded by the Stormer cone. 

Shadow effects 

492. Considerable difficulties arise when the effects of the solid earth 
are included in the consideration of the allowed cone. The difficulties 
are connected with the fact that the equations of motion cannot be 
solved analytically. 

The trajectories can be evaluated by numerical integration. Stormer 
and his co-workers have evaluated a large number of trajectories in a 
period extending over more tlian thirty years. 

A quicker way of obtaining trajectories has been made possible by 
the invention of the Bush differential analyser. Lemaitre and Vallarta 
have evaluated more than 1,000 trajectories using the differential 
analyser. 

493. The boundary of the allowed cone could be found, at least in 
principle, by evaluating orbits with all possible initial conditions. After 
having evaluated a sufficiently large number of single trajectories 
through a given point the trajectories corresponding to allowed orbits 
can be taken togetlier as the directions of the allowed cone. Such a 
procedure is, however, extremely tedious and, because of many dis¬ 
continuities, very small intervals have to be taken in order to obtain 
reliable information. 

Stormer, Lemaitre, Vallarta, and many collaborators have studied the 



Fig. 91. Orbits forming 
the boundary of the 
simple shadow cone. 
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properties of large numbers of trajectories with the view of finding the 
boundaries systematically. 

494. For the actual analysis two families of periodic orbits are of 
great importance. For a certain range of g-values there is a periodic 
orbit near the pass which connects the two parts of the meridian plane 
(§ 482). This orbit is symmetrical to the equator, reaches on both 
sides of the equator the line Q = 0, and, in common with all orbits 
reaching this line, it is self-reversing. 

These orbits are farther from the dipole than any other periodic 
orbit for the same value of g; they are called the outer periodic orbits. 
Besides the outer periodic orbit there exists another self-reversing orbit, 
called the inner periodic orbit. There are an infinite number of periodic 
orbits between these two principal periodic orbits, but as shown by 
Stormer, all periodic orbits lie between the two principal periodic orbits. 

The projections of the outer periodic orbit have been calculated in 
detail by Lemaitre and Vallarta according to a procedure due to 
Lemaitre (1934) (compare also Godart (1938)). They are shown in 
Vallarta’s paper. 

For g = 1 the outer periodic orbit is the circular orbit discussed in 
§ 472. Its projection in the meridian plane appears as a point. For 
g = 0-78856 the outer and the inner periodic orbits coincide. For still 
smaller values of g no periodic orbits exist. 

Re-entrant and non-re-entrant orbits 

495. Examining the equivalent potential Q as shown in Fig. 86 it 
is clear that orbits can be classified broadly into two types. Take as 
an example for the one type a particle with g > 1 approaching from 
infinity. The Q force is repulsive in the whole of the accessible part of 
the meridian plane; the particle approaches from infinity with steadily 
decreasing velocity. The velocity reaches a minimum at the point of 
nearest approach and the particle leaves again for infinity. Orbits of 
this type, computed by St5rmer, are shown in Fig. 92 (a). It is clear 
that orbits of this simple kind can enter the surface of the earth only 
once and therefore such orbits form part of the allowed cone. 

The simple type of orbit described above may also occur for g < 1. 
For these g values, however, the potential hole to the left of the pass 
(Fig. 86) is open and some orbits enter the potential hole and carry out 
complicated oscillations inside the hole (Fig. 92 (b), (c)). An orbit which 
enters the hole may intersect the surface of the earth several times and 
thus enter the surface of the earth in several consecutive points (see 
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Kg. 91 ). An actual particle is stopped at the first contact with the 
earth surface and therefore all the subsequent entries must correspond 
to directions blocked by the solid earth. 



Fig. 92 (g). Orbits in the (r, «)-plane. From Stormer, 
Astr. Norv. 1, Plate IXg. 



Fig. 92(6). Orbits in the (r, s)-plane. From Stormer, 
ibid., Plato IXi. 


We see therefore that directions accessible to the simple kind of orbit 
are always allowed, while those accessible to oscillating orbits may or 
may not be allowed. 
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496. To make the qualitative distinction between the two types of 
orbits more precise Lemaitre and Vallarta introduced the following 
definitions. 

A section of an orbit is called re-entrant if it contains the points 
between two consecutive relative maxima of Q, An orbit is called 
re-entrant or non-re-entrant according to whether it contains re-entrant 
sections. 

The simple type of orbit considered before is non-re-entrant as its 
velocity has no maximum. The non-re-entrant orbits reach the earth 



Fig. 92(c). Orbits in the (r, 2 :)-plane. From Stormer, Astr. Norv. 1, Plate X2. 

surface freely. The tangents of all orbits which are non-re-entrant in 
the past define a cone in every point of space. This cone is called the 
main cone and it is necessarily part of the allowed cone. 

497. The main cone (§ 490) forms for all energies and for all latitudes 
the most important part of the allowed cone. The boundary of tlie 
main cone can be determined as follows. 

When changing a non-re-entrant orbit continuously into a re-entrant 
orbit it is found that the transition orbit is an orbit asymptotic to the 
outer periodic orbit. Therefore the boundary between re-entrant and 
non-re-entrant orbits is formed by the orbits asymptotic to the outer 
periodic orbit. Thus the main cone is bounded by the orbits asymptotic 
to the outer periodic orbits. 
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These asymptotic orbits were determined by Lemaitre and Vallarta 
and thus the main cone was found for a number of latitudes and 
energies (see Pig. 89). 

Penumbra 

498. Directions which are reached by re-entrant orbits may or may 
not be forbidden. The investigation of such orbits yields the penumbral 
bands. 

A connected region of the penumbra termed the 'P’-region’ can be 
shown to be completely dark. 

499. Besides the penumbra, a region which is termed the simple 
shadow cone can be shown to exist. Consider an orbit I of the type 
shown in Fig. 91 (full line). The orbit is clearly a boundary between 
the two kinds of orbits F shown by broken lines. The I' orbit is 
blocked by the earth in the point T and therefore is unable to reach the 
point where I and F intersect the earth’s surface. The full-drawn 
orbit 1 is clearly a boundary between the two types of orbits. Orbits 
to the /'-side of the orbit / are certainly blocked before reaching this 
point. 

It can be shown that orbits of the kind I occur only up to latitudes A, 
with 

cos A — g = 

where r is the energy in Stormer units. 

These orbits form the boundary of the simple shadow cone (see 
Fig. 90). 

B. Observation of the Geomagnetic Effects 

500. At least joart of the primaries of cosmic rays are electrically 
charged and are therefore deflected by the magnetic field of the earth 
while far outside the earth’s atmosphere. 

The effects produced by the magnetic deflexion of the primaries may 
be termed geomagnetic effects. 

Tlie possibility of geomagnetic effects was foreseen before such effects 
were actually deserved. Tlie first attempts to find geomagnetic effects 
failed partly because of experimental inaccuracy and partly because 
intensity changes were looked for at high latitudes. 

501. The following geomagnetic effects have been observed. 

1. Change of intensity with both geomagnetic latitude and longitude. 
These effects are referred to as the latitude effect and the longitude 
effect. 


3596.40 


u 
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2, Asymmetries. The intensity of cosmic rays is found to depend not 
only on the inclination between the direction of incidence and the 
vertical but also to some extent on the azimuth. 

The most pronounced asymmetries are the east-west asymmetry and 
the north-south asymmetry. Apart from these main asymmetries the 
cosmic-ray intensity reveals a complicated fine structure. 

502. The first observations of the latitude effect with positive results 
were obtained by Clay (1927) on a voyage between Genoa and Java 
and back. It was foimd that the intensity at low latitudes was smaller 
than at higher ones. 

1. Effects at Sea4evel and Low Altitudes 
{a) Latitude Effect 

503. Clay’s results were later confirmed by many other observers. 
Some results due to Compton (1933) are shown in Pig. 93. It is seen 
that the rate of ionization at sea-level increases between the geomagnetic 
equator and the geomagnetic latitudes 50° by about 10 per cent. 

At higher altitudes the latitude effect is more pronounced, as the 
following data (from Compton) show. 


Table 2 


Height above 
sea-level 
(m.) 

Average pressure 
(cm. Hg) 

Mffect 

(%) 

0 

76 

14 

2,000 

60 ; 

22 

4,360 

45 

33 


504. Compton (1933) also showed that the observed effect was, in 
fact, connected with the magnetic field of the earth. For this purpose 
he plotted the results (1) against geographical latitude, (2) against 
magnetic latitude,! (3) against geomagnetic latitude. It was found that 
the observed points could be most satisfactorily represented when using 
geomagnetic latitude. The scatter of the points round a smoothed curve 
increases very much if the points are plotted against geographic latitude 
instead of the geomagnetic latitude. Thus it was inferred that the ob¬ 
served intensities are a function of the geomagnetic latitude. 

f Magnetic latitude is the latitude defined by the direction of the magnetic intensity 
at the point of observation. Geomagnetic coordinates are those defined with respect 
to the position of the equivalent magnetic dipole. 




0 10 20 30 40 50 60 Vb 80 90 


Geomagnetic latitude 

-1^'iG. 03. Tlio latitude effect at different altitudes (A. H. Compton). 
From Gorlin, ‘Cosmic Ultra Radiation’, Annals of the Observatory, 
Lund, No. 4. 
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(6) Longitude Effect 

505. On a voyage where they crossed the geomagnetic equator several 
times Clay, Alphen, and Hooft (1934) observed that the cosmic-ray 
intensity depends not only upon the geomagnetic latitude but also on 
the geomagnetic longitude. This was also observed independently by 
Millikan and Neher (1935, 6 ). 

It was found that the cosmic-ray intensity has a maximum near Peru 
and a minimum near the Philippines. The difference between the 
intensities is about 7 per cent. The minimum coincides with the closest 
approach to the magnetic centre of the earth, that is the nearest ap¬ 
proach to the centre of the equivalent magnetic dipole. 

(c) Asymmetry Effects 

506. The effect of the magnetic field of the earth can also be detected 
at a single point of observation, as an asymmetry in the directional 
distribution of the incident radiation. 

It was found by Rossi (1934 a) in Eritrea, and by Johnson and Street 
(1933) and Johnson (1934) at many different places, that the cosmic-ray 
intensity inclined at an angle rj to the west from the vertical is larger 
than the corresponding intensity of the radiation inclined by rj to the 
east from the vertical. 

The east-west asymmetry was found to depend on altitude, latitude, 
and angle of inclination. Some of the observations are collected in 
Table 5, § 537 . 

507. An asymmetry between north and south was also observed 
(Johnson (1935 a, 6 )). The intensity was found to be larger from the 
south than from the corresponding direction inclined to the north from 
the vertical for observations on the northern hemisphere. 

Following up a suggestion of Schremp (1938), Ribner (1939) and 
Cooper (1940) observed the intensity at a constant zenith angle 7 ; as a 
function of azimuth. These observations reveal a complicated pattern. 
It was suggested that the results could be interpreted in terms of the 
magnetic penumbra. 

2. GeoTnagnetic Effects at High Altitudes 
(a) Latitude Effect 

508. The cosmic-ray intensity has been measured up to considerable 
heights with instruments carried in aeroplanes and balloons. The 
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intensity at great heights shows a considerable variation with latitude 
between the equator and about 50° magnetic latitude. Height-intensity 
curves for a number of latitudes have been obtained by Bowen, Millikan, 
and Neher (1934, 7, 8) and by others. Some of the results of Millikan’s 
school are shown in Figs. 94, 95. 

Height-intensity curves were also obtained using either single 
counters or coincidence arrangements by Neher and Pickering (1942), 
and at high latitude by Pfotzer (1936). 

At latitudes below 50° the latitude effect increases very rapidly with 
altitude. At 7 km. height (30 cm. Hg pressure) for instance, the intensity 
above the equator is roughly one-half of that at high latitudes. 

509. The intensity at latitudes exceeding ~ 50° is independent of 
latitude up to the greatest heights observed. The independence of the 
intensity upon latitude for latitudes above 50° may be called the latitude 
cut-off. The latitude cut-off was shown by Compton’s (1933) survey up 
to 4,000 m. above sea-level. Collecting high-altitude data obtained in a 
balloon which was drifting over the European continent Cosyns (1936 a) 
found that the intensity shows a sharp knee near 49° for various 
altitudes. 

The latitude cut-off was finally ascertained for the northern hemi¬ 
sphere by the observations of Carmichael and Dymond (1939). Balloon 
flights with a counter telescope were made at various latitudes up to 
the geomagnetic latitude of 88°. At 88° N. a height corresponding to 
5 cm. Hg pressure was reached. The height-intensity curves are, inside 
the experimental error, identical with those obtained by Pfotzer at 
magnetic latitude 49°. 

The height-ionization curve was also measured by Carmichael and 
Dymond up to the geomagnetic latitude 85° and up to height correspond¬ 
ing to 1-4 cm. Hg pressure. The height-ionization curve at this high 
latitude is identical with the curves obtained by Millikan and co-workers 
at 55° N. and 60° N. A small difference between 50° and 55° N. for high 
altitudes seems to occur (see Fig. 96). 


(b) The Longitude EJfect and Asymmetries 

510. Aeroplane flights were carried out by Neher and Pickering 
(1942) both above the Philippines and above Peru to study the longi¬ 
tude effect at high altitudes. The flights reached only a height of 7 km. 
The result of the measurements was entirely negative and no differ¬ 
ence between the intensities at high altitudes was observed. The 
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[G. 94. Height-intensity curves of Millikan and co-workers. Phys, Rev, 61,299 (1944). 

leasurements were not of high accuracy and thus a difference between 
le intensities amounting to 5 per cent, must be regarded as compatible 
ith the measurements. It must be concluded from these observations 
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Fia. 96. Height-intensity curve with experimental points (Millikan and co-workers). 

Phya. Rev. 61, 297 (1944). 

that the longitude effect does not increase with height, or at any rate 
not more rapidly than the vertical intensity itself. 

511. The first attempt to observe the east-west asymmetry at high 
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altitudes was carried out by Johnson and Barry (1939). An automatic 
coincidence recorder was flown in a balloon to heights corresponding to 
pressures less than 10 cm. Hg. Ascents were made above the Panama 
Canal zone at a geomagnetic latitude of 20° N. The recorder consisted 



Fig. 96. Height-ionization curve near the geomagnetic pole. 
From Carmichael and Dymond, Proc, Roy. Soc. A, 171, 341. 


of a counter telescope inclined at 60° to the vertical. The balloon 
rotated freely round a vertical axis; these experiments seemed to 
exclude an asymmetry exceeding 7 per cent. 

More recent measurements, however, by Biehl, Neher, and Roesch 
(1949) and by Barber (1949) do not confirm the earlier results. These 
authors find a pronounced E-W asymmetry at high altitudes 20 cm. 
Hg), using coincidence arrangements both with and without lead shields 
between the counters. Barber concludes that the measurements indi¬ 
cate that all primaries are positively charged, though it cannot be 
excluded that up to 25 per cent, of the primaries could be negative. 
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C. Interpretation of the Geomagnetic Effects 

1. Numerical Data 

In the following section it is shown that the effects described in 
section B can be interpreted by assuming that the primary cosmic 
rays are electrically charged particles, and that they are deflected by 
the magnetic field of the earth when approaching from outside. 

512. The data relevant to the magnetic field of the earth which are 
needed for the interpretation of the geomagnetic effects are as follows.f 

1. The magnetic field of the earth can, to a good approximation, be 
taken as that of an equivalent dipole with a moment 

M = 8*1 X10^® gauss X cm.^ (73) 

2. The centre of the equivalent dipole lies at a distance of 300 km. 
from the centre of the earth. The line connecting the centre of the 
earth to the dipole intersects the surface of the earth at a point lO'^ N. 
geographic latitude and 168° W. geographic longitude. The axis of the 
dipole intersects the surface of the earth in the northern hemisphere 
at a point 78° 32' N. latitude and 69° W. longitude. This point is the 
geomagnetic south pole. 

3. The geomagnetic coordinates A, <I> of a point with the geographic 
latitude A and longitude <f> can be obtained with the help of the following 
expressions: 

tan^J = tan(<l)—<I)i)sin/c/sin(/c—0i), 

tan A = co8(f>cot{K—9j), ^ ^ 

with 

tan/f = cotAcos(<I)—Oj), 6^ = 11-5°, Oj = 69° W. (74a) 

4. Stormer’s unit of momentum is 

300M 

T^inax = eV./c - 59,000 MEV./c. (75) 

Rpj is the mean radius of the earth. The physical significance of this 
unit is that it is equal to the momentum required for a particle to circle 
round the geomagnetic equator. 

2. Interpretation of the Latitude Effect 
(a) Latitude Effect 

513. The latitude effect can be clearly understood in terms of the 
allowed cones described in section A. Particles with momenta below 
~ 60,000 MEV./c can approach the equator only from certain directions. 

t Compare e.g. Chapman and Bartels, Geomagnetism, Oxford, 1940. 
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The cone formed by the allowed directions opens gradually when the 
point of observation is moving away from the equator towards the pole. 
Due to the increase of the allowed cones the intensity of the incident 
particles increases with geomagnetic latitude. 

Energy considerations 

Latitude effect of energy flow 

514. The analysis of the latitude effect will be carried out in two 
steps. In the present section we derive certain conclusions from the 
observed effects without introducing specific assumptions as to the type 
of the primaries. It will be assumed only that the primaries contain 
singly charged particles. 

In the subsequent section certain aspects of the latitude effect will 
be discussed assuming that the primaries consist of electrons and 
protons. 

515. Assuming that the whole of the energy of the primary cosmic 
rays is spent eventually in ionization, it is found that the energy flowing 
into the top of the atmosphere reappears in the form of ionization at 
various depths. Therefore the integral over the height-intensity curve 
of cosmic rays has a simple physical significance. This integral is 
proportional to the total flow of energy into the atmosphere at a given 
latitude. Taking the average energy required to produce an ion pair to 
be 32 eV. we find 

00 

2B == 32eV. J/(6',A)£i6l. (76) 

0 

Using the height-ionization curves Millikan and co-workers find the 
following numerical values: 

Table 3 

Flow of primary energy into the atmosphere 
at various latitudes 

(Millikarif Neher, and Pickering, 1942) 


Latitude 

Flow of energy MEV. per 
cm.^ per min. integrated 
over all directions of 
incidence 

Relative flow of 
energy 

58° 

1-42x105 

2-22 

52° 

1-35x105 

2-12 

38° 

1-09x105 

1-70 

3° 

0-564x105 

1 


516. Integrating the distribution of the vertical intensity, as given 
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4, the flow of energy in the vertical direction was obtained as 


Table 4 

Vertical energy flow at various latitudes 
(Millihany Neher, and Pickering, 1943) 


Latitude 

A 

Energy Jlow 
(arbitrary units) 

46-51® 

185 

41® 

162 

26® 

121 

3-16® 

100 


Che variation of the vertical energy flow with geomagnetic 
can be interpreted easily. According to eq. (68) the primary 
1 is cut off for momenta below 

i’vert(^) = i5(0)cOS*A. (77) 

‘e the energy flow in the vertical direction can be written as 

00 

2BTert(^) = / dp, (78) 

2Jvert(A) 

)(p) is the differential spectrum of the primaries. 

ling (5{p) (79) 


ad that 


1 

cos^A' 


"crtvv cOS^A- 

aes of the energy flow as given in Table 4 together with the 
•btained from (80) are plotted in Fig. 97. It is seen that the 
3ions are in reasonable agreement with the values (80) calcu- 
)m the spectrum (79). 

To interpret the variation of the total flow of energy with 
it is necessary to average over all directions of incidence. The 
intensity due to particles of a given momentum p is the same 
[lowed directions. Therefore the total intensity due to particles 
L momentum p is proportional to the solid angle £i^.(A,^) sub- 
by the allowed cone. Taking the Stormer cone as the first 
mation for the allowed cone, we have thus 


aos(A) = J a,(x,p)(5(p) dp, 




0 for < Pmini^), 

2 _PverLCOsA' 

27r for jJ > 


(81) 

(82) 
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Introducing the spectrum (79) it is found that 

2B(A) = ^{9Bvert(A)+ti3(A)}; 

to (A) is found to be small compared with the first term. It is concluded 
therefore that the total intensity varies very nearly in the same way 
as the vertical intensity. The values of Tables 3 and 4 are plotted 


0:00 

" 0-1 

- 0*2 
o -O-J 

-0-4 

-0-5 


-Energy flow calculated from eq. (80), cut off at A = 50°. 

O Energy flow observed by Millikan, Neher, and Pickering (1942). 

A Vertical energy flow, Millikan, Neher, and Pickering (1943). 

Values for A = 0 have been equalized. 

in Pig. 97. It is seen that the values fit fairly well to the cui*ve calcu¬ 
lated for the vertical intensity. It is therefore concluded that both the 
integrated height-ionization curve and the integrated vertical-intensity 
curve can be understood in terms of the spectrum (79). 

The latitude cut-off 

519. The latitude effect extends only to latitudes up to about 50°, 
whereas for higher latitudes the intensity remains constant. 

The latitude cut-off shows that the primary spectrum must have a 
sharp lower l imi t; this limit must be due to causes other than the 
magnetic field of the earth. 

Indeed, particles of given momentum p are blocked by the magnetic 
field of the earth in certain directions only up to a geomagnetic latitude 
A(^) (see eq. (65), Fig. 87). Therefore the intensity distributions arising 
from primaries of a fixed momentum p < p^^ increase when going 
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Fig. 97. Latitude effect of energy flow. 
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from the equator to higher latitudes up to the latitude A(_p). For higher 
latitudes all directions are allowed and therefore the intensity remains 
constant. 

The actual latitude effect arises from a primary spectrum containing 
various energies. The intensity above 50° remains, however, constant, 
and it must be concluded therefore that the primary spectrum contains 
no particles which are latitude sensitive above 50°. Putting = 1 we 
obtain from (58) 

^(50°) -= 3,000 MEV./c. (83) 

It must be assumed therefore that the primary spectrum contains no 
particles with momentum below 3,000 MEV./c. 

520. The low-energy cut-off of the primary spectrum was postulated 
by Janossy (1937) and it was proposed that the cut-off is due to the 
permanent magnetic field of the sun. 

It was suggested by Hale and his co-workers (1918) that the sun 
might have a permanent magnetic dipole field with a moment of the 
order of 

Mq = 1*7.10^^ e.s.u. (84) 

The dipole may be assumed to be perpendicular to the ecliptic. It 
can be assumed therefore that particles with momentum less than 


Pe = 




(85) 


are forbidden by the magnetic field of the sun in the neighbourhood of 
the earth, being the distance between earth and sun. It is seen 

from (83), (84), and (85) that the sun’s magnetic field can be taken to 
account for the latitude cut-off. The above suggestion was taken up by 
Vallarta (1937 6) and by Epstein (1938). Compare also Vallarta and 
Godart (1939). 

It may be pointed out that the direct evidence for the existence of a 
solar magnetic field is scanty. f According to Chapman (1928) even if 
a solar magnetic field exists near the surface of the sun this field would 
be cut off from outside by ionic currents. Cowling (1929, 32), however, 
concludes that the field of the sun should bo expected to extend into 
outside space. 

Whether or not the sun possesses a permanent field exteiiding into 
space the ])rimary spectrum of cosmic rays must be expected to be cut 
off below the value given by (84). 

•j" Rooontly new evidence for such a field has fjeen obtained. Compare, for literature, 
Blackett (1047, 9). 
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The latitude effect of the soft component 

521. In the foUowing we discuss how far the latitude effect can be 
accounted for in terms of incident primary electrons. It will be seen 
in the course of this discussion that only the latitude effect at high 
altitudes can be accounted for in terms of incident electrons. 

Assuming an incident electron spectrum of the type given in (79) the 
height-intensity curve observed at high latitudes can be accounted for 
satisfactorily {vide § 416, Pig. 73 (a)). 

It was shown in § 416 that the incident spectrum must be assumed 
to be cut off below 2,000 MEV. in order to account for the observed 
position of the maximum of the height-intensity curve. It is particularly 
satisfactory that a cut-off at nearly the same value is implied from the 
observation of the geomagnetic effect (§619). Thus both the same 
cut-off and the same exponent z can be derived from two independent 
arguments. 

522. According to the observation of Carmichael and Dymond (1939) 
the atmospheric transition curve above the pole has a maximum at the 
same height as the transition curve observed above 50® (see Fig. 96, 
§ 511). If the transition curve is to be interpreted in terms of primai’y 
electrons producing cascades one concludes therefore that the energy 
spectrum incident over the pole must be cut off at the same energy as 
the spectrum at 50°, thus near 2,000 MEV./c. 

Primaries of any energy can approach the earth near the magnetic 
poles. Therefore the cut-off of the spectrum inferred from the shape of 
the transition curves found by Carmichael and Dymond cannot be due 
to the blocking effect of the earth field. This consideration further 
supports the conclusions arrived at in § 520. 

523. The actual shape of the height-intensity curve at various lati¬ 
tudes can be accounted for in terms of an incident electron .spectrum 
cut-off according to latitude by the magnetic field of the earth. This 
was shown by Heitler (19376) and also by Nordheim (1938). 

Calculated and observed distributions are shown in Fig. 98. 

524. A more sensitive test of the cascade theory is obtained when 
considering the difference of the vertical intensities measured at two 
latitudes. The difference curve is due to primary electrons witli 
energies between the corresponding cut-off energies. 

In Fig. 99 the difference between the curves obtained for A = 3° 
and A = 25° is plotted. The cut-off energies at these latitudes are 

16,000 MEV. and 11,000 MEV. 


( 86 ) 
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Therefore the difference curve is expected to represent the transition 
curve of a cascade due to primaries in the interval (86). This interval 
is narrow and therefore the actual spectral distribution inside this 
interval must be of little importance. 



Fia. 98. Vertical intensities at high altitudes. Observed and calculated for 


z = 1-5. 



Fia. 99. Calculated and observed difference curves for the intensity between 
3° N. and 25° N. (Chakrabarty). 

The transition effect of a cascade due to primaries in the interval (86) 
has been evaluated by Chakrabarty (19426). The result of this calcula¬ 
tion is also shown in Fig. 99. 

It is seen that the transition curve obtained from the cascade theory 
gives a maximum at the right depth. After the maximum, the intensity 
calculated from the cascade theory falls off more rapidly than the 
observed intensity. 

The discrepancy between calculated and observed intensity is by no 
means surprising. We note that the meson component starts to build 
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up at very high altitudes and that because of the very low air density 
many of the mesons are expected to decay soon after their formation. 
Thus the intensity at high altitudes is probably a mixture of (1) primary 
soft component, (2) hard component, (3) decay electrons. 

As there is no precise information available about the intensities of 



Fia. 100. Limits of latitude effect of primary cascades. 


the contributions of (2) and (3) no strict comparison between the 
calculated intensity of the soft component and the observed intensity 
can be carried out. 


Latitude effect at low altitudes 


Cascades 


525- Electron cascades produced by primary electrons cannot con¬ 
tribute to the latitude effect near sea-level, for to produce a cascade 
which contains on the average one electron near sea-level a primary 


energy of 


10,000^^;^ = 106 MEV. 


(86a) 


is required. An electron of this energy can approach the earth from any 
direction and at any point. Therefore primary electrons capable of 
penetrating the atmosphere are necessarily latitude insensitive. 

526. Let us estimate the depths inside the atmosphere to which 
latitude-sensitive electrons can penetrate. In Fig. 100 f(l) has been 
plotted against latitude, where ^(1) is the depth at which a primary 
electron of energy cp^ert(^) produces on the average one electron. 
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^ote from Fig. 100 that latitude-sensitive cascades penetrate at the 
equator down to about 35 cm. Hg pressure, that is down to about 
t),000 m. altitude. 

It is concluded from Fig. 100 that the soft component contributes to 
the latitude effect only at heights above 6,000 m. 

Latitude effect of hard component 

527. The latitude effect at sea-level and at low altitudes must be 
regarded as being due to latitude-sensitive primaries giving rise to 
mesons. 

The flow of energy through the surface of the solid earth can be 
evaluated either from the energy spectrum (§310, Ch. IV) or by 
integrating the depth ionization curve. Both methods give roughly 
the same value, namely, 

6,000 MEV. per cm.^ per min. (87) 

at high latitudes. The latitude effect at sea-level is about 10 per cent, 
and therefore the difference in energy is about 

600 MEV. per cm.^ per min. (88) 

The latter value is calculated assuming tentatively that the spectral 
clistribution of the radiation does not change with latitude. (There is 
u n fortiinately no observational evidence as to the spectral distribution 
or to the depth ionization curve for low latitudes.) 

'iFhe values for the flow at sea-level given in (87) and (88) are small 
(‘<>in])ared with the total flow into the top of the atmosphere. From 
Tablo 3, § 515, it is found that about 5 per cent, of the energy incident 
on the earth at high latitudes reaches sea-level while only 1 per cent, 
of tlie latitude-sensitive primaries can reach sea-level. 

Conclusions 

528. An interesting conclusion can be drawn from tlie comparison 
of the average energy of the mesons at sea-level with the energies of 
tho |)rimaries as deduced from the latitude effect. 

'^Fhe average energy of the mesons at sea-level is about 3,000 MEV. 
AHsnming that these mesons have been created liigh up in the atrno- 
spliore they may be assumed to have lost 2,000 MEV. through ionization 
in passing through the atmosphere. Thus the mesons must have been 
created with an average energy of about 5,000 MEV. (N.B.: Disregard 
mesons which do not reach sea-level.) 

BVoin the latitude effect it is concluded, however, that only 10 per 
cciut. of the mesons have been produced by latitude-sensitive primaries, 

an96.40 X 
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i.e. by primaries between 3,000 and 15,000 MEV., and that 90 per cent, 
of the mesons have been produced by primaries with energies above 
16,000 MEV. 

It is seen therefore that most of the primaries must be assumed to 
give rise mainly to mesons with energies much smaller than their own 
energy. The average fraction which a primary transfers to a meson 
may be The above argument was taken as evidence that the 
penetrating component is of secondary nature at a time when the 
instability of the meson was not known (ISTordheim (1938), Bowen, 
Millikan, and Neher (1937)). 

529. While in most cases a primary produces mesons with energies 
rather smaller than the energy of the primary itself, it can bf shown 
that occasionally a primary transfers most of its energy to one meson. 
The latitude effect extends up to 50° even at sea-level. It must be 
concluded, therefore, that some of the primaries with 2,500 MEV.t can 
give rise to secondaries reaching sea-level. If a primary of 2,500 MEV. 
splits its energy between several mesons, none of the mesons can reach 
sea-level. Therefore the extension of the latitude effect at sea-level up 
to 50° can only be understood if it is assumed that occasionally a 
primary of 2,600 MEV. transfers most of its energy to a single meson. 

530. It is interesting to note that originally it was thought that the 
cut-off of the latitude effect at 50° is caused by the absorption of the 
atmosphere. It was argued that ionizing primaries with energies below 
about 2,000 MEV. cannot penetrate to sea-level, neither can they give 
rise to ionizing secondaries penetrating to sea-level, thus the primary 
spectrum below 2,000 MEV. must be assumed to be ineffective at 
sea-level. 

The atmospheric absorption thus accounts for the cut-off at sea-level; 
it cannot, however, account for the cut-off at the same latitude for higher 
altitudes. 

(b) The Longitude Effect 

531. The variation of cosmic-ray intensity with geomagnetic longi¬ 
tude can be accounted for in terms of the eccentricity of the equivalent 
dipole inside the earth (Chapman and Bartels, Geomagnetism, Oxford, 
1940, p. 651). The magnetic centre of the earth is found to lie at a 
point about 

€ 300 km. (89) 

from the geometrical centre of the earth. The distance of an observer 
t 2,500 MEV. is the limiting energy for vertical incidence for A = 50°. 
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from the geomagnetic centre at the geomagnetic longitude O on the 
geomagnetic equator is given by 


R^{^) = ii|;+€2-2i2ecos(<D-(I)o), (90) 


where R^ is the mean radius of the earth and Oq is the geomagnetic 
longitude of the point of nearest approach to the geomagnetic centre. 

As the distance of the equivalent centre from the dipole varies 
with longitude the value of the limiting momentum also varies with 
longitude. The limiting momentum in the vertical direction at the 
equator is thus given by 


= 0, O) = 


15,000 MEV./c 

l+(6/i?s)2-2(e/Es)cos(<I»-Oo)- 


(91) 


Introducing numerical values it is found that ^^yert varies along the 
geomagnetic equator between the following limits: 


Pyevt = 13,700 MEV./c <p < 16,500 MEV./c = Kert* (92) 


532. The longitude effect of the total flow of energy can be obtained 
from (80) and (91). We have 

aB(A = 0,0)-^ - - —. (93) 

^J{PvOTt{^ = 0 .^)} 


Introducing the value (89) the magnitude of the longitude effect 
becomes 


^ 3B((D,) + aB(<I>o+7r) 


10 per cent. 


(94) 


The actual height-intensity curves measured over Mexico and over 
the Philippines did not show a difference larger than the error of 
measurement. An effect of the order of 10 per cent., as predicted above, 
does not seem, however, to be incompatible with the observations. 

533. The longitude effect at sea-level has been found to be about 
7 per cent, of the total intensity. Thus the difference between equator 
and high latitudes is about 7 per cent, in America and about 14 per cent, 
in the Far East. This difference may be attributed to mesons produced 
by primaries in the interval given by (92). 

To discuss the longitude effect in more detail it would be necessary 
to make detailed assumptions about the nature of the primaries giving 
rise to the mesons. A curious feature of the latitude and longitude 
effects near sea-level may, however, be noted. 

The intensity is found to be constant between equator and ±20*^ 
latitude when observing along constant longitude. 
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Thus the latitude effect seems to arise from primaries in the following 
interval 

!P < invert = 10,700 MEV./c, 

while the contribution from the interval 

10,700 <p < 13,700 MEV./c (95) 

appears to be small. The whole of the longitude variation has to be 
attributed to the interval (92), which is of the same order as (95) but 
lies in a slightly higher region. 

It seems therefore that primaries in the interval (95) are either missing 
altogether, or that the primaries in this interval are particularly ineffec¬ 
tive for producing mesons. 

The experimental evidence leading to this conclusion is not very firm. 
It would be therefore most desirable if more observations in the 
equatorial belt were carried out. 

(c) Asymmetries 
East-west asymmetry at low altitudes 

534. The east-west asymmetry of the radiation intensity at low 
geomagnetic latitudes can be accounted for on the assumption that the 
primary cosmic rays contain an excess of particles of one sign. 

Considering, for instance, positive primaries, the forbidden cones point 
towards the east and therefore an excess of the intensity from the west 
is expected. Similarly the forbidden cones for negative particles point 
towards the west and therefore negative primaries are expected to give 
rise to an excess from the east. 

The total east-west asymmetry is thus determined by the difference 
of the intensities of the positive and the negative primaries. The 
latitude effect and also the north-south asymmetry are determined 
by the sum of the intensities of the positively and negatively charged 
primaries. Therefore the comparison of the east-west effect with either 
the north-south effect or the latitude effect should give evidence as to 
the numbers of positively and negatively charged primaries. 

535. Such a comparison was carried out by Johnson (1938 6Z). In a 
number of publications Johnson elaborated the view that the primaries 
of the penetrating component are all positively charged and he sug¬ 
gested that these primaries are protons (compare also Blackett, 1941). 

We now show that the east—west effect at moderate heights can be 
best understood by assuming that the priiharies are all positively 
charged. These conclusions refer only to the primaries responsible for 
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the geomagnetic effects of the penetrating component. The effects at 
high altitudes have to be considered separately. 

536. The asymmetry in a direction inclined at & to the vertical can be 
characterized by the ratio 


a{d') ~ 2 




(96) 


where is the intensity in a direction inclined at an angle to the 
vertical towards the west, while is the corresponding intensity 
in a direction inclined by t? to the east. If the observation is carried out 
at a geomagnetic latitude A, then the limiting energies in the two 
directions are for positively charged primaries given approximately by 




4 COS^A 

{>^(1 +sini9' cos®A)+Ip ’ 


Pjs(X,i 9') = p,rert 


4 cos^A 


Introducing 
cos A' — 


{^( 1 — sin i? cos^A) +1 }^ ’ 


(97) 


V2 cos A 
V{V( i + sin ^ cos^A) +1} ’ 


cos A" = 


V2 cos A 


^{^( 1 — sin I? cos^A) + 1} ’ 
(98) 


it is found that the limiting momenta in the two inclined directions are 
equal to the limiting momenta values for vertical incidence at the 
latitudes A' and A". Thus the latitude effect between the latitudes A' 
and A" can be compared witli the east-west asymmetry at the inter¬ 
mediate latitude A between the directions inclined by ^ to the east and 
the west. 

To make this comparison as close as ])ossible let us compare the 
latitude effect of the vertical intensity at sea-level with the asymmetry 
at an elevation above sea-level, so that 


9 — OQCOsd', - (99) 

wliere is the mass equivalent of the atmosphere above sea-level, while 
9 is the mass equivalent of the atmosphere above the observer of the 
east-west effect. 

Except for effects caused by the instability of the meson the following 
identities should exist: 


i^vort(A'; ^o) = S), e,) = 6,). (100) 

Because of the instability of the meson the intensities observed in the in¬ 
clined directions must be expected to be smaller than the corresponding 
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intensities in the vertical directions. We are, however, probably not far 
wrong in assuming 

■ Pyert(^ I ^ o) _^o) /-i at \ 

Pw{K»>e) pmMO}- ^ 

537. We introduce the numerical values. Thelatitude effectof the verti¬ 
cal intensity was observed by Millikan, Neher, and Pickering (1943) and 



Fig. 101. Latitude effect of vertical intensity (MiUikan, Neher, and Pickering, 1943). 

the results are shown in Fig. 101. A smooth curve has been laid through 
the observed points for the purpose of interpolation and extrapolation. 

In the following table we reproduce some of Johnson’s (1935 6) 
observations of the east-west effect. 


Table 5 


Latitude 

A 

Height 

Metres 

Waters 

equivalent 

29° 

4,300 

6-25 


3,300 

6*80 


2,200 

7-50 

36° 

1,730 

8-46 



Asymmetry (%) 

Equivalent latitudes 

Angle 

Obs. 

Calc. 

A' 

A" 

61-5 

11 

6-7 

28-8° 

17*8° 

49 

8 

7-3 

28-5° 

18-8° 

43-6 

8 

7-9 

28*4° 

20-0° 

35 

5-5 

4-6 

_ 

38-0° 

31-2° 


w j uj. Liie fctayinmeiry lor 

these angles are found by interpolation. The calculated values for the 
asymmetry are obtained from (96), (101). The numerical values of the 
vertical intensities are taken from Pig. 101. 
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It is seen that the calculated and observed asymmetries agree as well 
as can be expected in view of the great inaccuracies involved. 

Observations were also carried out at the geomagnetic equator. The 
observations were made in Peru, near to the maximum of the intensity 
on the equator (see § 505). 

The observations were carried out at a height of 4,300 m. above 
sea-level with 9 = 6-24 m. H^O equivalent. For comparison with the 
vertical intensity consider the inclination defined by 

COST? = & = 53°. 

The cut-off energies towards the west and east are found to be 

pjy == 10,000 MEV./c, Pe = 25,400 MEV./c, (102) 
where we have assumed == 13,700 MEV./c in accordance with (92). 

It follows from (92), (95) that the spectrum between 

10,000 MEV./c and 16,500 MEV./c (103) 

contributes about 7 per cent, to the total intensity at sea-level. The 
observed asymmetry of 14 per cent, must be attributed to the con¬ 
siderably larger interval pj^ to pj^ (102). This is quite reasonable and 
thus the large east-west asymmetry observed in Peru fits in with the 
observed latitude and longitude effects. 

538. It is clear, therefore, that the observations of the east-west 
effect appear to be compatible with the observed magnitude of the 
latitude and longitude effects provided it is assumed that all primaries 
are positively charged. The latter assumption is essential. If, for 
example, one-third of the primaries are assumed to have negative 
charges then the calculated values in Table 5 would have to be reduced 
by a factor three. The reduced values would be too small to be com¬ 
patible with the observed data. It is concluded therefore that the larger 
part of the primaries of the hard component are positively charged. 

The east-west asymmetry at high altitudes 

539. The magnitude of the east-west asymmetry at high altitudes 
can also be estimated from the latitxide effect on the assumption that 
all primaries are j)Ositively charged. Such an estimation, as we show 
j)resently, leads to a value for the asymmetry which is too large as 
compared with the older measurements of Johnson and Barry; on this 
older evidence one would conclude that the primaries of the soft com¬ 
ponent are electrons and photons. In view of the more recent results 
(see § 541) judgement must be reserved. 
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540. Measurements at high altitudes of Johnson and Barry (1939) did 
not show an asymmetry at a height corresponding to 1-4 m. water 
equivalent. An effect exceeding 7 per cent, was regarded as incom¬ 
patible with the observations. Measurements were also carried out by 
Swann, Locher, Danforth C. G. and D. D., Montgomery (1936). These 
authors find no asymmetry at about 10 km. height outside the experi¬ 
mental errors. 

541. Results of more recent measurements are summarized below: 


gm^jcm.^ atmosphere 
above apparatus 

Latitude 

Absorber 
between 
counters 
in cm. Pb 

Asymmetry % 

200( )/(/+Jjj) 

Observer 

225 

27-31° N. 

22 

46i7 

Schein, 

(34,500 ft.) 




Yngre, 





and 





Kraybill 





(1948) 

310 

0° 

0 

23-3il-7 




10 

27-6±2-0 

Biehl, 



20 

30-4±2-2 

Noher, 

235 

0° 

0 

29-l-b2-l 

Roesch 



10 

33-0±2-4 

(1949) 



20 

35-4±2-6 


400 

7-11° 

0 

21di4-8 


(25,000 ft.) 


14 

31dz9-3 



24-30° 

0 

Ui3-0 




14 

27±4-8 



31-37° 

0 

8 ±3-0 




14 

12i4-4 



41° 

0 

5-5±1-8 




14 

8-5,1:4-2 

Barber 

230 

1-5° 

0 

24 2-9 

(J949) 

(33,000 ft.) 



SH±6-0 



13-19° 

0 

23±3-6 




14 

48:1: 7-5 



20° 

0 

23±2-0 




14 

35 ±3-9 



1— < 

1 

09 

o 

0 

12±2-7 




14 

17±3-6 



41° 

0 

5-5±l-7 




14 

8-5 i 3-5 



The errors given above are standard errors. 





§ 542] INTERPRETATION OF THE GEOMAGNETIC EFFECTS 313 


North-south asymmetry 

542. The north-south asymmetry is due to the peculiar shape of the 
allowed cone. It was seen in § 488 that the Stormer cone gives only a 
rough approximation of the actual allowed cone. Theory and observa¬ 
tions of the north-south asymmetry have been discussed by Lemaitre 
and Vallarta (1936 a) and also Lemaitre, Vallarta, and Bouckaert (1935) 
(compare also Johnson (1935 a)). 

3. The Nature of the Primary Cosmic Rays 

543. The question of the nature of the primaries which are respon¬ 
sible for the geomagnetic effects will now be discussed. 

The most important question is whether the primaries of the soft 
component and those of the penetrating component are identical. 

It is our opinion that the primaries actually contain two different 
types of particle, probably electrons and protons. A similar view is 
taken by Ferretti (1942) but not by Rossi (1948). In the following 
section the consequences of the assumption of a single primary and the 
consequences of the assumption of two primary components, are dis¬ 
cussed. 

544. An argument in favour of one kind of primary may be deduced 
from the latitude cut-off. From the latitude effects of both the soft 
component and the penetrating component we are led to conclude that 
the spectrum of the primaries does not contain particles with momenta 
below 3,000 MEV./c. If two types of primaries are assumed it is 
necessary to assume both primary spectra to be cut off near the same 
momentum. If, on the other hand, only one spectrum is assumed it is 
immediately clear that both components derived from the same 
primaries must show the same latitude cut-off. 

On the assumption of two types of primaries the two cut-offs have 
to be assumed to coincide by accident or have to be assumed to be 
caused by the same agency, e.g. the magnetic field of the sun. 

545. The hy[)othesis of two types of primaries was mainly based on 
the negative result of earlier attempts to observe an east-west asym¬ 
metry at high altitudes. As recent measurements have shown that 
contrary to the original observations considerable asymmetries do 
occur at high altitudes the main argument in favour of the two compo¬ 
nents hypothesis falls down. The question may be asked whether the 
observational results are compatible with the assumption that the soft 
component is derived from equal numbers of positive and negative 
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primary electrons while the hard component is derived from positive 
primaries only. 


Discussion of east-west effect at high altitudes 

546. It can be seen from the data collected in § 541 that the asym¬ 
metry shown by the total radiation is always smaller than that shown 
by the hard component alone. This suggests that the asymmetry of the 
soft component is less pronounced than that of the hard component. 
Any asymmetry of the soft component will be reduced by scattering 
and magnetic deflexion of the electrons inside the atmosphere. 

It can be shown, however, that the asymmetry which would arise if 
the primaries were all positively charged could hardly be smoothed out 
in this way (see Johnson (1939 c)). 

547. Assuming that the primaries are positive electrons only, the 
scattering reduces to the scattering of the particles in a cascade. This 
process is investigated in Chapter VIII, from which it is seen that the 
order of magnitude of the projected mean square angle of scattering is 
given by 14:jw^, where is the critical energy. Since for air Wq= 100 
MEV. the mean square scattering is of the order of 10°. Such a scatter¬ 
ing is clearly insufficient to smooth out the large asymmetry expected. 

548. The particles are also deflected by the magnetic field of the earth. 
It is clear that the deflexion of the primaries throughout the atmosphere 
is neghgibly small. Most of the radiation consists, however, of secon¬ 
daries of small energies and it is necessary to estimate the deflexion 
suffered by these secondaries. 

The radius of curvature of an electron of energy w is given by 

R(w) = ^w. (lO'i) 

At the equator = 10 km. 

and therefore the deflexion along a path ds is 


da = dslRf,,{wJw). (Ifi^) 

Assuming for the moment that most of the energy loss is due to ioniza¬ 
tion, we may put j a j i 

^ ds = Adwjw^, (106) 

where A is the cascade unitin air (see § 371). Introducing (106) into (105) 
we find after integration 


a is the deflexion suffered by a particle while its energy decreases from 
to W 2 - 



§548] INTERPRETATION OP THE GEOMAGNETIC EFFECTS 315 

The above expression is of course only valid if is not much larger 
than w^. 

For higher energies the rate of loss exceeds very much the loss through 
ionization and therefore energies w > contribute only very little to 
the total deflexion. On the whole it is reasonable to assume that for 
slow particles the effective value of log(wJw 2 ) is of the order of one and 
that the angle of deflexion is of the order of 

the cascade unit is 

0-342 km. for air at N.T.P., 

and at the height where the observations of the east-west were carried out 
A ~ 3-5 km. (7 cm. Hg pressure). 

Thus the order of deflexion of slow particles is about 

3-5/10 radians = 20°. 

Such a deflexion is still insufficient to smooth out a pronounced east- 
west asymmetry. 

It must be concluded thei’efore that if the soft component is due to 
])rimary electrons of one sign only then the asymmetry of the primaries 
would not be smoothed out by scattering or magnetic deflexion of the 
electrons in the atmosphere. Some smoothing out might arise from 
electrons deflected out of the atmosphere and brought back again into 
the atmosphere by the magnetic? Held. 

549. It remains to discuss the possibility that both mesons and elec¬ 
trons are the secondaries of a common jnimary. It lias been suggested, 
for instance, that all primaries are protons which give lise to mesons 
which in their turn give rise to electrons liy decay. In this xirocess 
the electrons appear as the tertiaries of the positive primaries and it is 
argued that they may lose their original directions to a greater extent 
than in the case of an ordinary cascade. 

The actual amount of scattering involved depends on the details of 
the process and cannot bo estimated without specific assumptions. 

4, Conclusions 

550. We summarize now the main conclusions which can be made 
from the analysis of the geomagnetic effects. 

1. From the analysis of the height-intensity curves at various lati¬ 
tudes it can be concluded that the primary spectrum is of the form 
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for momenta greater than about 3,000 MEV./c. For momenta exceeding 

= 15,000 MEV./c 

no conclusions can be drawn about the shape of the spectrum, though 
the total momentum carried by the particles above ^^ert given 
correctly by (107). 

The above conclusion is independent of any assumption as to the 
nature of the particles except that most particles have single charge 
and that all of the incident energy appears eventually in the form of 
ionization. The actual flow of energy at high latitudes is estimated to be 

1*4 X 10® MEV. per cm.^ per min. 
and about 0*7 x 10® MEV. per cm.^ per min. 

above the equator. 

The flow refers to the energy crossing a sphere with cross-section 
1 cm.2 The flow through a horizontal area of 1 cm.^ is equal to half of 
the former. 

About half of the total energy is carried by latitude-sensitive prima¬ 
ries. The flow through the top of the atmosphere near the equator is 
only half of the flow at high latitudes. 

2. Only a small fraction of the primary energy penetrates down to 
sea-level. The total flow of energy near sea-level is about 

6,000 MEV. per cm.^ per min., 

that is about 5 per cent, of the primary flow. Only 10 per cent, of this 
energy is carried by latitude-sensitive primaries. Thus 1 per cent, of the 
energy of latitude-sensitive primaries reaches sea-level and 8 per cent, 
of the energy of primaries above 15,000 MEV. reaches sea-level. 

3. The above conclusions refer to the spectrum of all primaries taken 
together. The possibility cannot be ruled out that the primaries consist 
of two different types of primaries: (1) positive and negative electrons 
producing the soft component; (2) positive primaries, probably protons, 
giving rise to the penetrating component. The main argument in favour 
of the two primary components is derived from the east—west asymmetry. 
The penetrating component at sea-level and at moderate heights above 
sea-level shows a marked east-west asymmetry. The magnitude of this 
asymmetry when compared with the latitude effect at sea-level suggests 
that the whole of the penetrating component is produced by positive 
primaries. The soft component at high altitudes shows possibly a 
smaller east-west asymmetry. 
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4. The average energy of the penetrating particles near sea-level is 
3,000 MEV. These particles must be assumed to have been produced 
near the top of the atmosphere and therefore they must have started 
with energies not greater than 

3,000+2,000 = 5,000 MEV., 

2,000 MEV. being the loss of energy by collision suffered through the 
whole of the atmosphere. The primaries giving rise to the penetrating 
component must have average energies much higher than 5,000 MEV. 
and therefore it is concluded that most mesons receive only a fraction 
of the energy of their primary. Therefore each primary gives rise to 
several mesons. 

The above conclusion refers to the average energy transfer. From the 
fact that the latitude effect of the hard component extends up to 50° it 
must be concluded that instances occur where most of the energy of a 
primary is transferred to one meson. 



VIII 

EXTENSIVE AIE SHOW^ERS 


551. Augeb, Maze, and Grivet-Meyer (1938) observed large showers 
extending over areas several metres in diameter; similar observations 
were also reported by Kolhorster, Matthes, and Weber (1938). It was 
suggested that these showers might be large cascades started by ener¬ 
getic electrons in the atmosphere. The question as to the nature of these 
showers has not yet been settled satisfactorily, though it is likely that 
most of them are in fact cascades as assumed originally. 

We shall develop in the following the theory of large cascade showers 
in order to compare them with the observed showers. 

A. Theoby op Labge Cascades in Aib 

552. In Chapter VI the numbers of electrons and photons produced 
by a primary were determined. The cascade problem was treated as a 
one -dimensional problem. In the following we show how the theory can 
be extended so as to include the lateral spread of the showers. The lateral 
spread of showers was dealt with first by Euler and Wergeland (1940). 
The theory was further elaborated by many authors. We mention Bethe 
(quoted from Rossi and Greisen (1941)), Nordheim (1941), Landau 
(1940), Nordheim and Roberg (1949), Belenky (1942, 4), Skobelzyn 
(1944 a, 6). The following treatment follows the ideas of these authors. 

1. Elastic Scattering 

553. The most important cause of the spreading of a shower is the 
elastic scattering of the electrons (Euler). According to §§ 243, 370, the 
mean square angle of scattering of an electron of energy in a layer 
(cascade units) is given by 

with Wg — 21 MEV. Other causes of spread are: 

(i) The angular spread of quanta. 

(ii) The angular spread of electron pairs. 

(iii) Compton scattering of the photons. 

(iv) Large angle scattering. 

The angles involved in processes (i) and (ii) are of the order of 

Mg c^/w. 


(2) 
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The mean distances between radiative collisions are of the order of one 
cascade unit. Thus the change of direction due to processes (i) and (ii) 
is small eoinpared with the change due to scattering. The mean square 
angle of Compton scattering per cascade unit is also of the order of (ii) 
and therefore this scattering produces a much smaller spread than the 
elastic scattering. KlTect of (iv) has been considered by Eyges (1048). 

554. Wo shall therefore consider the lateral sjjread of cascade showers 
due to elastic scattering only. 

Consider an electron with initial energy Wq passing through a homo¬ 
geneous absorber of thickness Assume that the electron loses energy 
continuously; lot the energy at a depth be 

'J’he mean stpiare displacement of such an electron at the depth ^ is 
found with help of (1) as 



0 


The moan square anguhir disjdacemont is found similarly as 







(4) 


0 

555. Wo liave to (M)nsider how tlie scattering aiTects the diHtril)ution 
oF t he eU'ctrons in a cas(^ado. Note that eacli electron at a dei)th ^ in 
a easeade (‘an b<‘ traecMl hack to the primary in a unicpie way (see 
Fig. 102). Th(» nu'aii scjuare dis])hmoment of an electron of eiuTgy tv 
(‘an thus Ix^ writt(‘n as 





a(nr^dc' 
w(^y ^ 




wluuT th(^ (uiergy /r(^') refers to the energy of the electron at the depth 
in t he trail of th(^ elect ron uihUt cionsideration. 


[ 0 if* the parent at is a ])hoton, 

( I if the parent at is an electron. 

'flu* factor (/(4'') in (5) t^ilu's (we of thc^ fact that the HC‘.attering of 
photons is small compartMl with t he s(‘att<nang of electrons. 

In onha’ to obtain t he nunm scpiare deviations of the electrons with 
a. lina-l enea’gy u\ it- is n<>ccssary to average over all j)ossil)lo histories of 
tJie (electron. 

l )(*not e the mimlxu* of electrons in an interval tr, dir at the depth C by 

w;0dw, ( 6 ) 
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where Wq refers to the primary energy. At any depth the parents of the 
electrons given in (6) have energies w' with 

w ^ w' ^ Wq. 

Denote the number of parents in an interval w', dw' by 

w; I') dw'dw, 0) 

where each parent is counted several times if it gives rise to several 


Wo 


■ Electron 



Fig. 102. The history of a particle in a cascade. 


electrons, while photons are not counted at all. The average scattering 
is obtained by averaging over all possible energies of tlie parents. Thus 


= w\ J dt' J j q(zi,o, w, 1). (8) 

0 w 

The number of electrons with energies in the interval w\ dw' is given 


by 


(9) 

Each of these electrons gives rise to 

q{w\w; C)dw (10) 

electrons with energies in the interval w, dw at Therefore the number 
of parents defined in (7) is given by 




(11) 
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The mean square deviation of electrons with energies w at the depth 4 
is therefore given by 


b Wo 

J J DqK,^’; 0 - 


( 12 ) 


Similarly the mean square angular spread is given by 

^ Wo ^ 

j j q(“'o.«'';S—nq(«^'.«’;r)^y^q(«’o>«^;0- (i3) 

0 w 

Equations ( 12 ) and (13) are due to Bethe and to Nordheim, quoted from 
Rossi and Greisen (1941). 


(a) High Energies 

556. Numerical values for the spread of showers can be obtained by 
introducing the values for the functions q from Chapter VI. Note, 
however, that expression ( 12 ) refers to the spread of a shower in a 
homogeneous medium. The atmosphere cannot be regarded as homo¬ 
geneous because of the decrease in density with height. The in¬ 
homogeneity of the medium can be taken care of by replacing under 
the first integral by 

(14) 

where a)(Ji, is the distance between the depth corresponding to 
cascade units and the depth corresponding to cascade units. 

557. The integrals ( 12 ) and (13) can be evaluated easily using the 
approximate expression (38, Ch. VI) valid for w ^ w^. Since the 
spread of a shower does not depend largely on the depth the spread 
averaged over all depths will be determined. We put 


oo .00 

<*^>«, = J w; 0 dC / J qoCw’o. w] t) for w > w^. (16) 

0 ^0 
With help of ( 12 ) and (15) it is found that 

7/)0 CO CO / ? 

= j J q„(M,„ w', n dl" J qo(t«', W, dv J qoH. 0 

0 ' 0 ( 16 ) 


to 0 


With help of Table 3, Ch. VI, § 385, we have further 


Jqo(M’o>«';0<i^ = 0-437;^», (17) 


3595.40 


Y 
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and therefore oo 

<*% ^ J ^ V)V^ ( 18 ) 

w 0 



Fig. 103. The function {i0l(4)e“^i^^-l-9fl(4)e”^>^}£®. 


The first integration can be extended to infinity without introducing 
a large error. It is found from (56, Ch. VI, § 384) that 

J ^ q{w', w, = g{S0i(4)e-«i(*)£'+ 9(l(4)e-<>.(«?'}. (i 9 ) 

W 

Finally, introducing (19) into (18) and with numerical values from 
Table 3, Appendix II, we have 


<^%=2 
Similarly the 


|9K(4) 

,m\ 




{wjwf' = (cascade units)^. 


angular spread is given by 

(radians)^. 


( 20 ) 

( 21 ) 


558. It is now necessary to justify the assumption that tlie spread 
of a shower does not depend to a great deal on ^ and that therefore it 
is legitimate to average over 

The energy w(^^) of the various parents of any electron increases 
rapidly with Therefore for the actual amount of scattering the last 
few steps are most important. 

It can be easily verified that the expression (19) is a measure of the 
importance of the spread of the parents at a height for the spread 
of the electrons at the depth 

Equation (19) has been plotted in Fig. 103, from which it is seen that 
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the most important contribution arises from the layer about one cascade 
unit above the observer. The contribution from layers more than five 
cascade units above the observer is comparatively small. It is con¬ 
cluded that a large shower spreads out in about five cascade units and 
that for larger thicknesses the lateral spread remains stationary. 

Similarly from Fig. 103 it is seen that no great error arises from the 
fact that the variation of the cascade unit with air density has been 
neglected. The variation of the cascade unit with height can be cor¬ 
rected roughly by assuming that most of the scattering takes place in 
a layer about one cascade unit above the observer; thus the cascade 
unit at the depth ^—1 can be used for the level 

(b) Low Energies 

559. There remains the question of the spread of particles of low 
energy. Assuming that electrons with energy less than lose energy 
only by ionization it follows that 

w{t^) = (S' < 1), (22) 

where w{^') is the energy of an electron at the depth ^which stops 
at the depth ^ (compare (4), Ch. VI, § 371). 

With the help of (3) the mean-square displacement suffered by an 
electron while its energy decreased from to 0 becomes 

1 

= J = [wjw.f (cascade units)^. (23) 

0 

This scattering is a little larger than that obtained from (20) for par¬ 
ticles of the final energy w^. For final energies the scattering as 
derived from (20) is, however, expected to be too large. Comparing (20) 
and (23) it is therefore plausible to assume that the total scattering for 
any energy w is given approximately by 

- 0•724{«;J(^i;-haw;„)}^ 

where a is a constant of the order of unity. In the following it will be 
assumed that a = 1, as such an assumption facilitates calculation. 
The new equation (24) will be assumed vaUd for all energies 

<?>>w == 0-724{w*/(t«+w>c)P- 

According to detailed calculation of Roberg and Nordheim (1949) the 
spread of low-energy electrons is larger than expected from (24). 
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2. Distribution of Particles in a Shower 

560. Denote by L(r,w) the distribution of particles with a final 
energy w. Thus assume that the number of particles with energy in 
the interval w,dw at a distance between r and r-\-dr from the shower 
axis is 

27 Tr dr (\{wq, w\ t)L{T, w) dw. ( 25 ) 

The density due to all particles at the distance r is 

00 

E{r) = J DLir, w) dw. ( 26 ) 

0 

561. The function L{t,w) differs greatly from a Gaussian. It has 
been investigated by Landau (1940), Moliere (1942), Belenky (1944). 
In the following we attempt only to obtain a rough approximation of 
the properties of large showers and therefore we replace schematically 
the distribution i by a step function. Thus we shall put approximately 



^ (o (r>V<^^>J. 

(27) 

From (24) we obtain 

U)+U>, 

(28) 

with 

^ ^ 16,100 cm. (sea-level), 

1 147,000/^ (at depth 0 ^ ^ ^ 

(28 a) 

562. 

We have according to § 393, Ch. VI, 





where Qq is the solution of the cascade problem without ionization loss. 

Introducing the above approximation into (26), we find wit! 

1 help of 

(27), (28), and (28 a) 


F(r) = | Mj?J ^(wJ) 

(29) 


1 0 (r > H), 



• Wo lx 


where 

= J OoK.w; 0 dw. 

A 

(30) 


0 


With help of (37, Ch. VI) and (66, Ch. VI) it follows that 

/ Vo+ioo 

1 r 

2^' J d!p for x > 1, 

9o“ico 

\J^(1) = 9Jl(3)e""®i^®^^-|-Sfl(3)e~®2(3)S fQj* ^ 1, 


F(x) = 


( 31 ) 
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The expression (31) can be evaluated by the saddle-point method as 
shown in § 386 and numerical values of F(x) are given in Pig. 104. 

In Pig. 105 we have plotted the density distribution of a shower at 
sea-level = 24) due to primaries of 10®, 10^°, and 10^^ MEV. The 



0 5 10 


Log 10 •I’ 

Fiq. 104. The function F{x). 

abrupt cut-off at 61 m. is of course due to the approximation introduced 
by (27). A more accurate calculation would lead to an extended tail. 

Examination of Fig. 106 shows that the density of particles at the 
fringe of a shower is roughly proportional to the primary energy. 

563, The function F{x) can be written 

F{x) = a(x)x-y^'^\ (32) 

where a{x) and y(x) vary only slowly with x. For a small interval of x, 
a{x) and y{x) can be treated as constants. 

Evaluating F{x) by the saddle-point method tlie following relation 
between y and x is found: 

log^a: = {a'^-(log 3n)'}5.3_y _i. (33) 

And further log a = log F+y log x, (34) 

^ is the depth under which the cascade is observed. In Figs. 106 and 107 
logio^ and logj^a have been plotted, regarding y as an independent 
parameter. 
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Fig. 106. Theoretical density distribution in. a cascade shower. 



B. Expeeimentai Obseevations oe Extensive Am Showbes 

1- Spread of Extensive Air Showers 

564. The first experiments on extensive air showers were carried out 
with counter arrangements. 
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Coincidences were recorded between a number of counters placed 
several metres apart. A few results are collected in the tables below. 

Table 1 

Measurements of Auger, Maze, and Rohley (1938) 
at the Pic du Midi 2,870 m, above sea-level 


Distance between 














counters in 
metres 

0-05 

0-10 

0-25 

0-6 

1-0 

1-5 

2-6 

4-0 

20 

60 

76 

160 

300 

Rate of twofold 














coincidences per 
hour 

680 

320 

230 

190 

120 

90 

81 

60 

30 

16 

10 

4 

1*6 


Table 2 

Measurements of Kohlhorster (1938) and his 
co-workers at sea-level 


Distance between 
counters in metres 

1-26 

6-00 

10-0 

20-0 

Rate per hour 

38 

22 

10 

2-6±l-6 


It is seen from the above tables that the spread of the extensive air 
showers is much less at sea-level than at the Pic du Midi. 

It is also of interest to note that Kohlhorster has carried out observa¬ 
tions indoors (presumably under a thin roof) and there the rate was 
found to be much smaller than the values given in the table. 

2. Penetrating Power of Extensive Air Showers 
565. The rate of coincidences observed with an extensive shower 
arrangement is strongly affected by absorbers placed above one or 
more of the counters. Some of the results of Auger and Maze (1938) 
are reproduced below; a variable lead absorber was placed above one 
of the counters. 

Table 3 


Distance of extreme 
counters in metres 

2 

6 

20 

Absorber S in cm. 

Rate of fourfold coincidences 

Pb 

0-0 

0-8 

per hour 

0-46 

0-2 

1-7 

1-4 

0-9 

6-0 

0-86 

0-7 

0-4 

10-0 

0-2 

— 

01 

16*0 

< 01 

— 

< 0-1 


More recent measurements of Daudin on the Pic du Midi (2,680 m. 
above sea-level) were reported by Auger (1948). Threefold coincidence 
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between two large trays (areas 1,300 cm.^ and 1,900 cm.2) and a thicd 
smaller counter were recorded. The absorbers were cylindrically shaped 
and placed above the single counter. This counter was shielded by 
7 cm. Pb from below. The results were as follows: 


Table 4 


Absorber in cm. Pb . 

0 

0-6 

2 

4 

8 

14 

19 

Relative rate . 

100 

123 

101 

53 

21 

5 

3-5 


Standard errors 5-10 per cent. 

The two large trays select effectively showers of low densities (com¬ 
pare Daudin and Loverdo (1947)), thus the absorption curve, Table 4, 
refers to that of single incident shower particles falling on the cylindrical 
absorber. The increase between 0-2 cm. Pb is attributed to materializa¬ 
tion of photons. In Chapter IX experiments will be reported which 
show that some of the extensive air showers penetrate 50 cm. of lead. 

3. Density and Energy of Extensive Air Showers 
566. The energy spectrum of extensive showers has been measured 
recently by Mitra and Rosser (1949); their results are collected in the 
foUowing table. 

Table 5 


MEV./c . 

0 

10 

40 

80 

Particles > 

516 

231 

124 

60 


Samples of extensive air showers can be obtained by controlling 
a cloud chamber by a set of separated counters. The numbers of tracks 
obtained on individual photographs give an indication of the actual 
particle densities. It should be pointed out, however, that such a 
procedure gives some bias towards high particle densities, as dense 
showers have a greater probability of being recorded by the counter 
arrangement than less dense showers. 

Photographs of this kind were taken by Auger, Maze, Freon, and 
Ehrenfest (1939) on the Pic du Midi and some of their results are given 
in Table 6. 


Table 6 


No. of tracks 

0 

1 

2 

3 

4 

5 

6-10 

11-20 

21-60 

50 

No. of photographs 

45 

25 

19 

22 

11 

10 

37 

24 

12 

2 

n . 

16 

5 

3 

2 

5 

1 

8 

3 

2 

3 


I and II refer to two slightly different arrangements. 
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Cloud-chamber photographs of extensive air showers at sea-level 
were also taken by Daudin (1942); by Lovell and Wilson (1939) and 
others. The average particle density was estimated as 700 particles per 
sq. m. The distribution of shower densities approximately followed a 
power law. 

The figures in Table 6 can be roughly represented by the following 
expression: 

Bi> N) (iVo+i\^)’^ (35) 


with Nq = 3, z 1'7. 

The distribution of densities near sea-level is of the same type, though 
the numerical values of both Nq and z may differ between sea-level and 
the Pic du Midi. 

Two cloud chambers controlled by the same counter system were 
used by Lovell and Wilson (1939) and a remarkable pair of photographs 
thus obtained is shown in Plate III h, From the geometry of the arrange¬ 
ment it was estimated that the shower seen in the two chambers must 
have contained at least 40,000 particles. If the shower is to be inter¬ 
preted as a cascade it must be due to a primary of not less than 
108 MEV. 

567. The rate of coincident bursts as a function of the distance of 
separation of the two ionization chambers was investigated by Lewis 
(1945). It was found that the rate of coincident bursts decreases rapidly 
with increasing separation of the chambers. 

An arrangement consisting of an ionization chamber and a set of 
counters separated by several metres was used by Lapp (1943). Observa¬ 
tions were carried out both with the chamber unshielded and shielded 
by 10 cm. lead. 

With the unshielded chamber most coincidences were accompanied 
by bursts, but only a small fraction of the counter coincidences were 
accompanied by bursts in the shielded chamber. 

568. The density distribution of extensive air showers was measured 
with a counter arrangement by Daudin (1944) and by Cocconi and co¬ 
workers (1943) and others. Four sets of counters were used; three sets 
placed on the corners of an equilateral triangle while the fourth was 
placed at the centre. The effective collecting area S of each set was 
varied by connecting counters in parallel. In Fig. 108 the rates of both 
threefold coincidences and fourfold coincidences as functions of S are 
plotted. The measurements were carried out 2,200 m. above sea-level 
corresponding to a depth ^ -- 18*5 under the top of the atmosphere. 
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There are also plotted points obtained from the cascade theory; the 
details of the calculation are found in §§ 574-80. 





Fig. 108. Cooconi’s results. Nuovo dm. 1, 314 (1943) (A calculated by us). 

4. Nature of Shower Particles 

569. In order to investigate the nature of shower particles photo¬ 
graphs have been taken with a cloud chamber containing a horizontal 
lead plate. Particles passing through the plate without producing 
secondaries are likely to be penetrating particles, i.e. mesons or protons. 
Electrons are expected to give rise to cascades inside the plate. 

Photographs taken in this way show that the majority of pai’ticles 
in the air showers are electrons. W^hether or not the dense parts of 
showers contain also mesons cannot be decided from such photographs. 

Cloud-chamber photographs taken with an arrangement selective for 
penetrating extensive air showers show cases of penetrating particles 
traversing a lead plate. Such cases are, however, very rare, and it seems 
probable that showers observed with unshielded apparatus consist 
largely of electrons. 

5. Height-intensity Distribution of Extensive Air Showers 

570. The height-intensity distribution of air showers was studied by 
Hilberry (1941,3). Bilberry observed coincidences with the counter 
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arrangement shown schematically in Fig. 109. The arrangement was 
mounted rigidly inside a van and the rate of coincidences was deter¬ 
mined at various heights between Chicago and the top of Mount Evans. 






14 rn I 4 m 


Scale ^ ■ 

r 


Fig. 109. Hilberry’s arrangement, from Phys. Bev, 60, 2. 


The results, averaged over several ascents, are reproduced in the 
following table. 

Table 7 


Station 

Height 

(metres) 

Cascade units 
below top of 
atmosphere 

Bate per hour 

Mt. Evans . 

4,320 

142 

24-1 ±0-3 

Summit Lake 

3,900 

14*9 

20*5 ±0-5 

Echo Lake . 

3,100 

16-6 

14-0 ±0-5 

Idaho Springs 

2,190 

18*0 

7-3 ±0-8 

Denver 

1,610 

19-3 

5-0 ±0-4 

Chicago 

91 

23-2 

l-47±0-15 


The height-intensity distribution thus obtained is shown in a semi-log 



plot in Fig. 110. It is seen that all points, except the one for 16*6 cascade 
units lie inside the error of measurement on a straight line. Therefore 
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the intensity distribution can be roughly represented by an exponential 
function ^ exp[-0-3C]. (36) 

Hilberry (1943) measured also the intensity of extensive air showers 
in Peru up to 6,000 m. above sea-level (1943) with two different arrange¬ 
ments (Pig. 110). 

571. Recently Preon and Maze (1947) have measured the intensity 
of showers up to 7,200 m. with a counter set mounted in an aeroplane. 
Nine counters were arranged into three groups of three closely-spaced 
counters each. The extreme counters had a separation of 15 m. 

On record were (1) ninefold coincidences, (2) threefold coincidences 
of the one group, not accompanied by the discharge of any other 
counters. These coincidences were attributed to 'large extensive 
showers’ and 'narrow showers’. 

It was found, taking account of geometry, that narrow showers consti¬ 
tute 32 per cent, of all showers at sea-level. Prom sea-level up to 3,000 m. 
the narrow showers increase less rapidly than the large showers; while 
between 3,000 and 7,000 m. about 7 per cent, of all showers are small. 
'Small’ and 'large’ refer, of course, to the particular selection; to 
appreciate the observations, the change of air density with altitude 
should be borne in mind. 

Barometer Effect 

572. Closely connected with the height-intensity distribution of 
extensive air showers is the barometer effect of these showers. A change 
of barometric pressure is equivalent to a change of the height of the 
point of observations. 

The percentage change of intensity due to a change of pressure of 
1 cm. Hg is thus expected to be given by 

, d\og^ 


100 X 0-31 X- 




(37) 


(note that 1 cm. Hg is equal to 0*31 cascade units). Thus, with help 

= 9*3 per cent, per cm. Hg. (38) 

The barometer effect of extensive air showers was measured by Auger 
and Daudin (1942) and by Cosyns (1940). These authors find values 
varying between 10 and 20 per cent, per cm. Hg, the coefficient being 
larger the greater the separation of the counters. As equation (36) 
refers to showers observed with comparatively closely placed counters 
(2*5 m.), the agreement between (38) and the observed values must be 
regarded as satisfactory. 
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Temperature Effect 

573. A change of temperature not accompanied by any pressure 
change should still affect the counting rate. The temperature change 
affects the air density and therefore alters both the spread and density 
of the showers. This effect was first pointed out by Euler (1940), but 
no observational evidence has yet been reported. 


C. Interpretation op Experimental Observations 

574. The comparison between observation and cascade theory is 
rendered difficult by the fact that experimental arrangements recording 
extensive air showers are always selective for certain types of showers. 
No comparison between theory and observation can be carried out 
without taking care of the particular geometry of the recording arrange¬ 
ment. 

It follows from § 662 that showers are spread over an area with a 
diameter of approximately 2jR (see (29)), where R depends on height 
but not on the primary energy. 

From the numerical values given in (28) it is found that at sea-level 
the spread {2R) is 120 m. while in the Pic du Midi it is 240 m. 

These values agree qualitatively with observation. 


1. Application oj the Theory of Large Cascades 

575. Two factors must be distinguished in the consideration of the 
density distribution obtained from cloud-chamber photographs, namely: 

1. The distribution resulting from the spatial density distribution in 
any one shower. 

2. The distribution resulting from showers of different sizes. 

The two effects will be dealt with separately. 


(a) Spatial Distribution in Individual Showers 

576. Consider showers arising from primaries of a given energy Wq, 

The particle density in the shower varies with the distance r from the 

centre of the shower in a manner discussed in § 562. 

Write for the density at a distance r <. R from the centre 

r^/ X a (v 
=■ 

where a and y are functions of 


X == 



(39) 

J \vl 1 


w^r 

(40) 

w^R 


(see (29), (30), (32)). 
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The probability of observing a region with a density exceeding an 
arbitrarily given density D is proportional to 


Pi>I>) = irM^ (41) 

with = A (4:2) 

provided ^ dimensions of the cloud chamber. (43) 

From (39) and (41) the relative probabibty of observing a region of 
density exceeding D becomes 


P{>I)) = 




\a{wolw^)^-y 



(44) 


(6) Energy Distribviion of Showers 

577. The observed densities are due to showers created by primaries 
of different energies. The probability (44) has therefore to be averaged 
over the primary spectrum. 

Assume for the integral spectrum 

Z(wo) = [wq > Wj), (46) 

and assume furtlier that (45) represents the intensity for all directions. 
Then, according to §§ 416, 521, we may put 

Wi = 2,000 MEV. and A ~ 2,000{wJWq)^ electrons 

per cm.2 per hour {z ^ 1-5). (46) 

The differential spectrum referred to the intensity per unit solid 
angle is therefore given by 

(47) 

27t\woI Wc 

Taking into account both factors 1 and 2, the rate of events when a 
cloud chamber is covered by a region of density exceeding D is therefore 

00 

^(> D) = J 7rr|,S(wo) dWo- (48) 

Wi 

In this expression the shower is assumed to come from any direction 
within unit solid angle. 


(c) Numerical Evaluation of the Distribution 

Vertical incidence 

578. The integral (48) may be evaluated by the saddle-point method. 
Putting 

logc(WoK) = y (49) 
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and 

we obtain 


(i?/r)y = 




a 


1=/ 


‘^(> -D) = J exp|— 2 /z—?log/j dy. 

lOQWifWe 


(50) 

(51) 


Write 


E{y) = -zy —log/(y). 

y 


The exponent has a maximum for y = with 

" ym~^- 

Hence the integrand of (48) has a maximum for 


(52) 


(53) 




and 

We find further that 




4-y(2-|-2!) 


and finally, 


^(> D) = 


-WiVa) = iz{4-7(2+2)} 

zR^A 


2 Y{-W(yo)] 

a( ^cY V(^g) 

V{4-y(2+z)}- 


(54) 


(55) 


(56) 


The quantity w{D) is the primary energy which gives the most impor¬ 
tant contribution to the cases having densities exceeding D. 

In the above derivation the slight dependence of a and y on Wq and r 
has been neglected. 

579. In numerical work on extensive showers it is usually better to 
treat y as an independent parameter. For any fixed value of y, the values 
of X and a can be obtained from (33) and (34). Further, /p and are 
obtained from (54) and (50), and finally D may be obtained from (39) 
and (42). 

Intermediate D values can be obtained by interpolation. Some 
numerical values calculated for 2 = 1*5 are collected in Table 8. 

In Table 8 is given the rate (per hour and per unit solid angle). Note 
that R depends on ^ according to (26), hence the columns of the table 
below do not refer to the same absolute density 2). 



336 EXTENSIVE AIR SHOWERS [Chap. VIII 

Table 8 




logio(7TR^D) = 

5 

6 

7 

8 

9 

^ = 16 

6*45 

7-40 

8-86 

_ 

. 

20 

6*86 

7-60 

8-22 

9-15 

_ 

24 

7-6 

80 

8-7 

9-4 

10-2 

30 

8*52 

9-03 

1 9-63 

10-30 

10-92 




16 

0-96 

1-14 

1-23 

_ 

- 

20 

0-80 

0-90 ; 

1-04 

1-23 

_ 

24 

0-72 

0-78 

0-86 

0-96 

MO 

30 

0-66 1 

0-70 

0-74 

0-80 

0-86 


logio[(?/24)«’(> D)] 



J = 16 

2-60 

0-97 

[ -M8 

_ 1 

— 

20 

1-99 

0-97 

-0-20 

-1-72 


24 

1-06 

0-28 

-0-81 

-1*92 

-3-21 

30 

-0-44 

-1-23 

-2-16 

-3-18 

-4-14 


^9to[^(>-0) per hourj 



In Kg. Ill there has been plotted the rate <?(> D) as a function of ^ 
or e va ues o irltW. It is seen that ^ has a maximum, which is 
the lower m the atmosphere the larger the value of irli^D. 
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Inclined directions 


580. In order to estimate the absolute rates of showers it is necessary 
to average over all directions of incidence. The intensity at an angle d' 
inclined to the vertical is obtained by replacing the depth ^ of observa¬ 
tion by = ^/cosi? (57) 

but retaining the value of R. 

The total rate is given by ^ 

¥ = 2Tr j d{—cosd'). (58) 

0 

For high altitudes the integral (58) has to be evaluated numerically; the 
maximum contribution does not necessarily arise from the showers 
incident near the vertical direction (see Fig. 111). 

Near sea-level the rate ^ drops rapidly with increasing ^ and there¬ 
fore the maximum contribution comes from the vertical direction. 

The actual distribution near sea-level can be approximated by 

= <^(0)exp[—a(l—cosi?)], (59) 

where a: has the following numerical values: 


Table 8 a 


5 

17-3 


6 

17-4 


7 

16-4 


8 

14-5 


logio(7rjR2X>) = 

0£ = 

Neglecting we obtain with help of (58) and (59) 


9 

10-7 


= _<g^(0). (60) 

a 

In Fig. 112 there has been plotted the absolute rate D) against 
density for sea-level ^ = 24, and for ^ = 20. 


2. Comparison with Observations 
(a) Clovd-chamber Observations at Sea-level 
581. Lovell and Wilson (1939) observed showers with densities 
ranging from 100 to 10,000 particles per m.^ 

The observed and calculated frequencies are compared in Table 9. 



Table 9 



Density D in particles 
per m.^ 

10 

100 

1,000 

10,000 

Rate per hour: 

(Calculated) 

8 

0*7 

0*06 

0-006 

(Observed by Lovell 
and Wilson) 

— 

0-39 

0-049 

about 

o-ooit 

■j* One shower of this density was observed in 600 hours. 


z 


3595.40 
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The agreement between observed and calculated rates as shown in 
Table 9 is rather good considering the uncertainties of the calculation. 
The largest uncertainty is due to the choice of the exponent z. The 
value z = 1-5, used in all our calculations, has been adjusted as to give 



D (^particles per m^) 

Eia, 112. The calculated density spectrum for ^ — 20 and ^ = 24. 

the best possible agreement between cascade theory and extensive air 
showers. The same value for z was deduced independently from the 
analysis of the geomagnetic effects in Chapter VII. 

(b) The Remits of Hilberry (1941) and of Cocconi (1943) 

582. In order to estimate the rates of coincidences due to large 
cascades it is necessary to calculate the probability of a shower dis¬ 
charging all the counters of a given coincidence arrangement. This 
probability has to be averaged over shower size, position of the shower, 
and inclination of the shower. Such a calculation was carried out by 
Hilberry (1941) in detail. The problem will be treated here in rough 
approximation only. 

583. Consider a counter arrangement consisting of n counters in 
coincidence. Assume that the separation of the counters is small 
compared with R and that the particle density D due to any individual 
shower is constant over the area of the arrangement. 
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The average number of particles falling on any of the counters is 
therefore ^ 

where S is the area of the counters and D the density of particles in 
the vicinity of the arrangement for a particular event. 

The probability that each of the n counters is discharged is given by 

This quantity is small for small values of D and becomes nearly 1 
for large values of jD. For simplicity replace by a step function, 

namely, ,1 for D > D,, ,02) 

for JD<D^. 

The quantity may be defined to satisfy the following equation: 

(l_e-o.S)» = (63)t 

and D„ 8 has the values given by the following table: 

Table 10 


D„s = 0-69 1-23 1-58 1-84 2-U4 

584. Hilberry (1941) used fourfold coincidences. Two of the counters 
wore, however, placed close above each other, and therefore for sea- 
level. where most of the showers are expected from the vertical direction, 
71 may bo put equal to 3. For greater heights the effective value of « 
must bo between 3 and 4. 

The area of the counters was 196 cm.® and therefore the effective 
value of D„ is between 

1-68/0-0196 = 81 particles per m.® 

1 •84/0-0196 = 94 particles per m.®, 
whence we obtain the following results: 

Tabl e 11 _ 

Observed 

Height Calculated (Hilberry) 

^ = 24 0*7 1*5 

16 16 14'6 

The agreement between calculation and observation is reasonably 
good. 

t A« tho (lonaity distribution obeys a power law, we could also use the methods o 
8 447 * ill this way we obtain instead of (63) 

^ y (63 a) 

D.. 8 — a with -~ ^ ^ 


a 

e«—1 ”” w* 
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585. The results of Cocconi (1943) can be interpreted in a similar 
way. The effective D as function of 8 can be found from eq. (63) (or 
(63 a)). The corresponding intensity can be evaluated with help of 
Table 8. 

We have evaluated both the threefold and fourfold rates for the 
extreme values of 8 used by Cocconi. The results are shown in Fig. 108 
together with the experimental results of Cocconi. (We have integrated 
numerically over the directions of incidence.) 

The agreement between calculated and observed intensities is satis¬ 
factory and it is seen that the spectrum (45) can give a good account 
of the observations. 

Calculations of Hilberry (1941) and of Cocconi (1943) lead to a 
spectrum with an exponent slightly larger than 1-5, the discrepancy is 
probably caused by a slightly different approach. 

(c) The Barometer JEJfect 

586. The barometer effect of extensive air showers can also be 
accounted for quahtatively in terms of cascade showers. 

The regression coefficient of the effect is given by (37) as 

= (64) 

Writing for the vertical intensity 

where a has the values given in Table 8 a, we find 

= 31 Xgl = 20 per cent, per cm. Hg. (65) 

Regression coefficients of this order were observed by Cosyns (1940) for 
very large showers. The value seems somewhat too large. 

(d) The Penetrating Power of Large Cascades 

587. A large cascade shower has its greatest penetrating power 
near the centre where the high-energy electrons and photons are con¬ 
centrated. The fringe of the shower should, however, be very soft, as 
it should consist mainly of particles with energies of the order of the 
critical energy. 

From Table 7 in § 579 it follows that for the most important region 
of cascades 

(r^/i2)2~0d 

and therefore ~ i2/3. 
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Thus particles with energies of the order of 

3w;,< 300MEV. 


should be expected to be predominant. This is in at least qualitative 
agreement with the observation given in § 566. 

588. Large fluctuations are to be expected; occasionally we shall 
observe the region near the core which contains many energetic 
electrons. . 


The area containing particles with energies exceeding w is given 


roughly by 


= ttR\wJw)^ = 10^{wjw)^ cm.2 


The density of particles of given energy w decreases with increasing w. 
In Table 12 we consider showers in which the density of particles with 


energies 


w > lOw^, 100i(;c,... 


exceeds an arbitrary limit, namely 100 particles per m.^ The particles 
with energy w are assumed, according to (27) to be distributed uni¬ 
formly inside a circular disc. The area of this disc is given in Table 12. 

Further we have collected in Table 12 the values of primary energy 
w^^ giving rise at sea-level to showers containing more than 100 particles 
of energy > to per m.^; finally, we have collected the rate of events in 
which such a shower falls on a given point at sea-level. 


Table 12 


Energy of observed 

{wlwc) = 10 

100 

1,000 

particles 

= 10« 

10* 

10^ cm.* 

Primary, giving rise 
to ^^y/100 particles 
each exceeding w 

loglo('«’o/M^c) = 

C-9 

6-6 

Rato of incidence per 
hour, per unit solid 
angle, upon 

2 

0-08 

0-002 


From the above table it is seen that parts of showers containing 
electrons up to lOOw;^ = 10,000 MEV. are comparatively frequent. 

Electrons of 10,000 MEV. produce cascades penetrating up to 10 cm. 
of lead. However, comparing Table 12 with Table 3 and 4 we see 
that about 20 per cent, of the extensive showers are found to penetrate 
10 cm. Id), while only 4 per cent, should be capable of doing so in terms of 
the cascade theory. The discrepancy with the cascade theory becomes 
more pronounced for thicknesses exceeding 10 cm. Pb as will be shown 
in the next chapter. ' 
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These penetrating extensive air showers cannot be accounted for in 
terms of ordinary cascades. They have to be interpreted with the 
assumption that electron cascades contain also particles more pene¬ 
trating than electrons. Compare Cocconi (1943) and others. 

{e) Secondary Showers 

589. It remains to discuss the effects of cascade showers originating 
from secondary electrons or decay electrons. 

An electron originating inside the atmosphere may be more effective 
in setting off a counter arrangement than a primary electron of the 
same energy because it is created close to the apparatus. A large 
shower, however, requires the greater part of the atmosphere for its 
full development. It was shown in § 579 that at a depth of 16 cascade 
units below the top of the atmosphere, the most important contributions 
come from inclined directions, since a thickness of 16 units is not 
sufficient for full development. Thus electrons originating inside the 
atmosphere are only slightly more effective in producing large extensive 
showers than electrons coming from outside. 

Local electrons may, however, be responsible for showers of com¬ 
paratively small extension. Take, for instance, the case of a shower 
containing 100 particles in the centre area of 10^ cm.^ According to 
Table 12 a primary of 8.10^ MEV. on the top of the atmosphere will 
produce such a shower near sea-level. Using the cascade figures given 
in Chapter VI it is found that such a shower can also be produced by 
a primary of 10’ MEV. originating at a distance of about 5 cascade units 
from the arrangement. 

Thus a shower covering only about 10^ cm.^ can be produced by a 
local electron of much smaller energy than the energy required for a 
primary. Since the spectrum of the local electrons falls off much more 
rapidly than that of the primary electrons (see Ch. VI), the contribu¬ 
tions of the local electrons may be comparable to the primaries. 

590. Lewis (1946) observed that the number of coincident bursts 
increases strongly when the distance between two burst chambers is 
reduced. These observations are not in agreement with the density 
distribution as expected for large showers, as the density in large 
showers should change only slowly inside large areas. 

The observations of Lewis may, possibly, be accounted for in terms 
of local cascades as discussed in the previous paragraph. No quantita¬ 
tive treatment of the problem of local showers is available. 
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3. Conclusions 

591. From the above analysis it can be concluded that most of the 
extensive air-shower phenomena can be accounted for in terms of an 
incident electron spectrum obeying a power law. The exponent of the 
integral spectrum has to be assumed to be about 1-5; this is the same 
spectrum as deduced for low energies from the study of geomagnetic 
effects. 

Similar conclusions have been reached by Skobelzyn (1942, 1944 a, 6). 

The effects which cannot be accounted for in a simple way are 

(1) dependence of burst coincidences upon distance for small distances, 

(2) the penetrating extensive air showers. 

The first discrepancy may be accounted for in terms of secondary 
showers; though it was also suggested that some of the ^narrow showers’ 
are nuclear explosions and not cascades. 

The second discrepancy, regarding penetrating power of extensive 
showers, is most significant. This shows that extensive air showers 
contain agencies more penetrating than electrons or photons: the nature 
of these agents has not been established with any degree of certainty 
so far. 

It was suggested by Auger, Daudiii, Freon, and Maze (1948), and 
independently by Broadbent and Janossy (1948) that the bulk of the 
penetrating particles in air showers cannot be mesons or nucleons. It 
was suggested tentatively that these particles might be ‘A-mesozis’, i.e. 
particles of single charge with a mass a few times that of the electron. 
Recent experiments of V. Tongiorgi Cocconi (1949) have shown that 
extensive air showers are accompanied by large numbers of neutrons. 



IX 

THE ORIGIN OF THE MESON COMPONENT 

592. The origin of the hard component of cosmic rays is one of the most 
important questions of cosmic ray research. Already (1938) T. H. John¬ 
son postulated, as a result of a purely phenomenological analysis, that 
the primaries of the hard component consisted of protons. The hypo¬ 
thesis was elaborated in a number of publications (e.g. Johnson (1939), 
and later Blackett (1941), Janossy and Nicolson (1948)). 

A consistent theory of meson production was given by Hamilton, 
Heitler, and Peng (1943), their ideas were further elaborated in subse¬ 
quent papers. It was suggested by Heitler and collaborators that the 
primaries of the mesons are protons and that the protons in collisions 
with atomic nuclei emit mesons in a process not unhke bremsstrahlung. 
Though many of the details of meson production are still obscure, there 
is little doubt that the ideas put forward by Heitler and his group are 
essentially correct. Perhaps the fact that mesons have been produced 
artificially in a cyclotron gives the most direct evidence (Gardener and 
Lattes (1947)). 

In the following section the experimental evidence relating to the 
process of meson production will be reviewed. More recent experimental 
material which could not be included in this edition is summarized in 
Rossi’s excellent article in Rev. Mod. Phys. 1948. 

A. Experimental Evidence 

593. It was shown in Chapter VII that the secondary origin of the 
mesons can be deduced from simple energy considerations. Actually, 
even before the experimental discovery of the meson, it was concluded 
by Nordheim (1938) and also by Bowen, Millikan, and Neher (1937) that 
the hard component must be of secondary origin (compare § 550), 

The argument of Chapter VII is based on the fact that the average 
energy of the primaries, as determined from the geomagnetic effects, 
greatly exceeds the average energy of the mesons observed near sea- 
level. It is therefore concluded that primaries split up their energies in 
producing several mesons. 

1. The Height of Formation of Mesons 

(a) Absorption Anomaly 

594. Evidence of the height of formation of the meson component 
may be derived from the temperature effect. The effect was discussed in 
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detail in § 354. According to Duperier (19446) one can conclude from 
this effect that the bulk of the mesons are produced at a height exceed¬ 
ing 16 km., i.e. one-tenth of the mass of the atmosphere is above the 
average height of formation. 

Experiments of Freon (1944) suggest that the mesons are not pro¬ 
duced at one layer but that some meson production continues down 
to moderate altitudes. 


(6) Experiments of Schein and co-workers 
595. Direct evidence for the production of mesons at high altitudes 
was obtained by Schein, and various co-workers (1940). Two different 
experimental arrangements were used. 


o 


© 




77X 

Fia. 114. 


Fin. 113. Scheiii’s ttiTangoinont, 

Ki(!. 114. liosults of Sohoin, Jobro, and Wollan. 


Experiments were carried out with the object of observing the pro¬ 
duction of mesons by non-ionizing primaries. The experimental layout 
is shown in Pig. 113 and the experimental method is discussed in § 285. 

Coincidences of the counters 1, 2, 3 and simultaneously the coinci¬ 
dences of the counters 2, 3, 4 were recorded. The rates *"^(123) and 
'^’(234) as function of height are shown in Fig. 114. It is seen that the 
two rates differ by about 25 per cent, for heights of the order of 16 km. 

The difference between the two rates may be interpreted in terms of 
ionizing secondaries produced by non-ionizing primaries in the absorber 
Sj. Thus if a non-ionizing primary falls on and gives rise to an 
ionizing secondary, tins secondary may give rise to a coincidence (234), 


346 


THE ORIGIN OF THE MESON COMPONENT [Chap. IX 


but it is incapable of giving rise to a coincidence (123). Therefore in 
the presence of non-ionizing primaries the difference 

= ^( 234 )~«^( 123 ) > 0 . ( 1 ) 

The difference actually observed is sufficiently large to justify its 
interpretation in terms of non-ionizing primaries. Note that a very 
small effect might be due to the slight difference 
in geometry (see § 294). 

The secondaries observed with the arrangement 
Pig. 113 have a range of at least 8 cm. of lead. It is 
therefore likely that these secondaries are mesons. 
As an alternative interpretation it might be assumed 
that the coincidences bflS are due to cascades ini¬ 
tiated by photons of about 10^ MEV. and not to 
mesons. The interpretation of the effect in terms 
of meson production is, however, the more likely 
one. Photons of 10^ MEV. are rare, and they can 
hardly exceed 1/1,000 of the total intensity (see 
Ch. VI). 

596. Coincidences up to very great heights were 
observed by Schein, Iona, and Tabin (1943) with 
the arrangement as shown in Fig. 115. An absorber 
Fia. 116. Arrangement T consisting of 8 cm. Pb is placed between the 
of Schem, Iona, and counters C and D. Absorbers of 5 cm. paraffin 
each are placed between A and B, and B and (7. 
The coincidences ABGD were taken as a measure of the vertical inten¬ 
sity. The counters E, F, (?, H, K, and L were used to detect various 
types of showers. 

The following results were obtained. 

(i) Less than 3 per cent, of the coincidences ABOD (i.e. verticals) 
were accompanied by coincidences EFAGD, Thus most of the incident 
particles were single. 

(ii) At high altitudes a considerable fraction of the primaries dis¬ 
charged not only the counters ABGD but also some of the side-counters 
(?, H, K, L. Such coincidences indicate the production of showers in 
the paraffin. Some of the results are shown below. 

The observations are interpreted in terms of the production of 
showers in paraffin by primaries. It is suggested that showers ABCDO^ 
etc., are observed whenever a primary is absorbed in the paraffin and 
gives rise to a shower containing at least one meson. 


(D©® 


ParaFFin 

5 cm. 

®®(§) 

1 

ParaFfin 

5 cm. 

©©© 

i 

T Pb 

8cm.. 

© 
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Table 1 

Shower coincidences as fraction of the rate ABCD 



Accompanied by the discharge of: 

(cm. Hg) 

G (%) 

L {%) 

6 

26 

60 

17 

15 

36 


Schein concluded from his analysis that the cross-section for shower 
production was about 2. lO-^s cm.^, i.e. of the same order as the cross- 
section of a nucleus. 

597. The data of Schein cannot be accounted for either by cascade 
showers or by knock-on showers. The probability for the production 
of a cascade in 6-10 cm. of paraffin is negligibly small; and even if a 
cascade was produced in the paraffin it could hardly penetrate the 
absorber T (8 cm. of lead). 

The probability of a meson giving rise to a knock-on electron in 5 cm. 
of paraffin is also very small, and therefore only a small fraction of the 
mesons passing through the counters ABCD are expected to discharge 
any of the side-counters by giving rise to secondary electrons. 

It is concluded that the most plausible interpretation of the results 
seems to be the production of mesons. 

2. Penetrating Showers 

598. The general argument mentioned in § 550 suggests that mesons 
are produced in small groups which should be observed as showers of 
penetrating particles. Many observers have succeeded in observing 
penetrating showers. It has usually been assumed that penetrating 
showers consist mainly of mesons and that the process of production 
of penetrating showers is the process responsible lor the bulk of the 
meson component of cosmic radiation. The relevant experimental data 
will be discussed iji the following paragraphs. 

(a) Gloud-’Chamber Evidence 

599. Groups of mesons were observed on cloud-chamber photographs. 
Showers containing penetrating particles were observed by Fussel 
(1938). 

Photographs containing two mesons passing simultaneously through 
a lead plate were observed by Braddick and Hensby (1939). It is 
interesting to note that these observations were can’ied out under 
ground with 60 m, w'ater equivalent above the chamber. 
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A large number of photographs have since been obtained by various 
observers (see § 68, Ch. I). A few interesting cases of penetrating 
showers are reproduced in Plate 4, Or-d. a shows three particles passing 
simultaneously through a lead plate. The three particles appear to 
have originated in one point inside a lead absorber above the chamber. 
In 6 a photograph obtained by Hazen (1944) is reproduced. The 
cloud chamber contains a number of horizontal lead plates. A pene¬ 
trating particle which comes from above the chamber passes through 
two of the upper plates and gives rise to a shower in the third plate. 
The shower particles are partly penetrating themselves, but one heavily 
ionizing particle is also seen to emerge from the lead plate. 

This process shows the complex nature of some of the penetrating 
particles. 

In c we have reproduced a very complex shower obtained by 
Rochester. This shower is known to be penetrating because the chamber 
was controlled by a counter arrangement which only responded to 
penetrating showers (see § 597). 

A photograph obtained by Auger and Daudin (unpublished) is 
shown in d. 

Photographs showing penetrating showers were also obtained by 
many others; a bibliography is given by Rochester (1946, 8). 

600. Penetrating showers were observed by V. H. Regener (1943 a, 
b) with an arrangement consisting of about 100 self-recording counters 
arranged in a number of trays separated by lead absorbers. 

The neon lamps controlled by the counters gave pictures of showers 
setting off the arrangement. 


(b) Counter Experiments 

601. The experiments of Schein, Iona, and Tabin (1943), as described 
in § 596, give evidence that mesons are produced in showers. Detailed 
experiments near sea-level into the properties of penetrating showers 
were carried out by Wataghin (1940) and his co-workers and indepen¬ 
dently by Janossy and Ingleby (1940), and Janossy (1941, 3). 

Wataghin’s experiments 

602. A t 3 rpical arrangement used by Wataghin (1940) with four 
counters, 1, 2, 3, 4, placed at the corners of a rectangle is shown in 
Pig. 116. The lower counters 3, 4 are well surrounded by lead and 
the top counters 1, 2 are separated by 17 cm. of lead from the bottom 
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counters 3, 4. Fourfold coincidences 1234 are observed, and the rate 
is of the order of one coincidence in five hours. 

We show in the following that Wataghin’s observations cannot be 
accounted for by either cascade showers or knock-on showers. 

The absorber separating the top counters 1, 2 from the lower counters 
3, 4 is about 30 cascade units. From the cascade figures of Appendix II 




Fig. 116. Arrangement of Wataghin and co-workers. 


it follows that a primary energy of about is needed to start a 

cascade with a range exceeding 30 cascade units. The critical energy 
in lead is about 7 MEV.; therefore the primary energy required is 

approximately = 2.10® MEV. (2) 

The above energy is not unreasonably high, and therefore occasionally 
electrons Mill penetrate 17 cm. of lead. Nevertheless the coincidences 
of Wataghin cannot be accounted for in terms of such electrons, in fact, 
to give rise to a fourfold coincidence at least two particles with ranges 
exceeding 17 cm. of lead are needed. Thus a coincidence 1234 could 
only be accounted for in terms of Uvo electrons each having an energy 
greater than 2.10’'’* MEV. and the two electrons have to be separated 
by a distance of the same order as the liorizontal separation of the 
counters. 'I'lie mean square separation of electrons of energy to in an 
air shower is according to § 557 of the ordea* ot 

(21 MEV./v/j) cascade units. (3) 

It follows from cciiiation (2) that the separation is 2.10“'^ cascade 
units, i.c. 7 cun. (note one cascade unit in air N.T.P. is 342 m.). 

The horizontal separation of the counters in the various arrangements 
varied from 40 cun. to 1 in. 'fhe probability of finding electrons of energy 
w separated by 1 m. instead of 7 cm. is negligibly small. 

603. Further, the coincid(UHu\s cannot be accounted for in terms of 
knock-on showers. 

A coincidence 1234 may result if one meson passes through two of the 
counters, say 1 and 3, and a knock-on shou'er which passes through the 
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remaining counters 2 and 4. Clearly the knock-on shower must have an 
energy of at least 2.10® MEV. A shower of this energy is, however, pro¬ 
jected almost in the forward direction and therefore the shower cannot 
separate from the primary meson. 

The meson itself has high energy and is not scattered appreciably. 
Hence the separation of knock-on shower and primary meson is of the 
same order as the separation of the electrons in a cascade. A knock-on 
shower is incapable of giving rise to a coincidence 1234. 

604. Further, the lateral spread of a cascade shower in lead is of the 
order of one cascade unit of lead and therefore a shower in lead can be 
taken as a column of about 1 cm. diameter. Thus the shower, whether 
primary or secondary, cannot spread sufficiently to cover both of the 
lower counters.f 

Properties of the showers observed by Wataghin 

605. It was found by Wataghin (1940) that a fifth counter 5 placed 
in between the counters 3 and 4 is frequently discharged simultaneously 
with the fourfold coincidence 1234. It was therefore concluded that many 
of the penetrating showers contain more than two penetrating particles. 
The average density of penetrating particles in a shower was estimated 
at 30 particles per m.^ 

An unshielded counter placed at a distance of 3 m. from the main 
set also showed coincident discharges with the main set. Thus at least 
part of the penetrating showers were extensive air showers. 

As shown in the preceding paragraphs these extensive air showers 
could not have been ordinary cascade showers. 

The experiments of Janossy and his co-workers 

606. The arrangement used by Janossy and Ingleby (1940) (compare 
also Janossy (1941)) is shown in Fig. 117. The eight counters, H, in the 
middle of the arrangement were made to control neon indicators; and 
records were taken showing which of the counters H was discharged 
simultaneously with any fivefold coincidence 123AJ5. A fivefold coinci¬ 
dence accompanied by the discharge of n H-counters will be denoted 

Fivefold coincidences ^ 2), that is fivefold coincidences accom¬ 
panied by the discharges of two or more of the counters H were recorded 
frequently. Such coincidences cannot be accounted for in terms of 
either cascade) showers or knock-on showers, as we show presently. 

t This argument was also put forward by Auger (unpublished). 
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607. The top and bottom trays were separated by 30 to 60 cm. of 
lead. Further, the bottom counters were shielded from the sides by lead 
more than 50 cm. thick. Hence a cascade shower reaching the bottom 
counters must have penetrated 30 cm. of lead or about 60 cascade units. 
A primary energy of the order of 10^® ME V. is required for such a cascade. 





Pig. 117, Arrangement of J^nossy and Ingleby, from Proc, Roy, Soc. A, 179, 362. 


The number of electrons with energies exceeding 10^® MEV. is much too 
small to account for the observed coincidence rate of one in five hours. 
Indeed, the area covered by the lower counters is about 1,000 cm.^, 
and if each coincidence was due to an electron of more than 10^® MEV. 
energy falling on the system the rate of such electrons would have to be 


0-2 per hour 
1,000 cm.2 


3x 10~® per min. per cm.^ 


The resulting flow of energy would be 


3x 10“®X 10^® MEV. = 3x 10^ MEV. per cm.^ 2 ^er min. 


The observed energy flow is 

aU = 6x 10^ MEV. per cm.^ per min. 
and the larger part of this flow is due to mesons and slow electrons. 
It is therefore seen that the energy flow which would accompany 
cascades penetrating sufficiently frequently 30 cm. of lead is far larger 
than the total flow of electron energy observed at sea-level. 

The discrepancy becomes very much larger for the experiments using 
50 cm. of lead. It is found that the number of coincidences is only 
slightly affected when the absorber S is increased from 30 to 50 cm. of 
lead. Since the cascade energy required to penetrate 50 cm. of lead is 
of the order of 10^® MEV., a flow of energy about 10,000 times the 
observed flow would be necessary in order to account for the coincidence 
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in terms of cascades. It is concluded that the coincidences are not 
due to cascades. 

608. ^Further, fivefold coincidences > 2 ) cannot be due to 
knock-on showers: 

A meson passing through the arrangement Fig. 117 can discharge at 
most one counter out of each of the three trays. In order to produce a 

coincidence ^ 2 ) at least two counters in 
each of the three trays have to be discharged. 
The additional three counters can be discharged 
by means of three independent secondaries of 
the meson. Such a shower may be called a 
'triple knock-on’. The rate of triple knock-ons 
can be estimated accurately, and their rate is 
small compared with the observed rate of co¬ 
incidences ^ 5 ( 72 . > 2 ). 

The number of mesons passing through the 
arrangement can be determined by counting 
coincidences of any counter of the top tray 
with any counter of the bottom tray. Write 
for this rate ^ 2 - ^ certain fraction of the co¬ 
incidences ^2 is found to be accompanied by 
the discharge of an additional counter in the 

penetrating showers. From bottom tray. Write for the rate of such 
Ftoc. Roy. Soc. A, 179, 366. coincidences ^ 3 . Thus the probability (pf,) of 
a counter of the bottom tray being discharged by a knock-on shower is 

Pb = 

Similarly the probabilities of knock-ons in the other trays can be 
determined. 

The knock-on probabilities are thus found to be of the order of 

1-2 per cent. 

An examination of the records shows that most of the coincidences 
= 2 ) are due to double knock-on showers, but that the rate of 
triple knock-on showers is much smaller than the rate of coincidences 
> 2 ). 

Thus these coincidences cannot be caused by triple knock-on showers. 
609. The multiplicities of discharges observed with the counters H 
is shown in Fig. 118. Note that the rates ?^ = 0 and n = I are com¬ 
paratively high because of the contribution of knock-on showers. The 
rates n'^2 decrease only moderately with increasing n, the rate for 
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» = 8 being only about half of the rate for = 2. The shower sizes 
seem therefore to be distributed fairly uniformly. 

The distribution shown in Fig. 118 is additional evidence that the 
discharges » ^ 2 are not due to knock-ons. Most of the knock-on 
secondaries have low energies and therefore the knock-on shower should 



Fig. 119. Absorption curvo of penetrating showers. From Proc. Roy, Soc, A, 179, 365. 

as a rule discharge only few of the counters H, The observations show 
no strong predominance of small multiplicities. 

610. In Pig. 119 there is plotted the absorption curve of the shower 
particles observed with the arrangement of Pig. 119. It is seen that for 
small thicknesses of the absorber S the rate of coincidences is large. 
The absorption curve up to about 12 cm. of lead resembles strongly the 
absorption curves of cascade showers shown in Fig. 69, Ch. VI. For 
larger thicknesses the rate of absorption becomes small. The absorption 
between 30 and 50 cm. of lead is only of the order of 30 per cent. 

It is clear from this curve that the coincidences for S < 10 cm. of lead 
are mainly due to cascades, while for larger thicknesses of S the cascades 
are filtered out and only the penetrating showers remain. 

3. Local and Extensive Penetrating Showers 

(a) Local Penetrating Showers 

Transition effect 

611. The arrangement used by Janossy (1941) is particularly suited 
for the observation of the transition effect of penetrating showers. 

It is found that the rate of sevenfold coincidences increases 

3595.40 ^ a 
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considerably when an absorber T is brought close above the top tray of 
counters. The lead transition effect found by Jdnossy and Rochester 
(1944a) is shown in Fig. 120. 

The transition effect is interpreted in terms of the production of 
penetrating showers in the lead absorber T by incident primaries. 



thickness of absorber in cm. Pb 

Fig. 120. Transition curve of penetrating showers. JAnossy and Rochester. 
From Proc, Roy. Soc. A, 183, 183. 


The transition effect up to 10 cm. Pb can be represented fairly 
accurately by the following analytic expression (full curve, Fig. 120): 

= 0*19+0-29{l--exp(--;r/a:o)}, (4) 

where x is the thickness of the absorber and 

Xq = 4-5 cm. of lead 

= 51 gm. per cm.^ (5) 

612. The transition effect has been observed up to large thicknesses 
of absorber (Table 2, Janossy and Rochester (19436)). 

Table 2 


Thickness of absorber T in cm. Pb 



0 

10 

16 

U 

Rate of coincidences under 
T cm. of lead 

0-53 

0-82 

0-86 

0-69 

Increase of rate above 
background rate 


0-29 

0-32 

0-16 
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It is seen that the rate of coincidences decreases for large thicknesses 
of absorber. 

The decrease shows clearly that the penetrating showers are produced 
in the top layer of the absorber T only. 

The two terms in (4) have a simple significance. The constant term 
represents the background due to showers coming from the air and the 
second term represents the showers produced in the absorber above 
the counters. It will be seen in § 621 that the showers produced in T 
result from single particles and are not accompanied by air showers. 
The background coincidences on the other hand are always accompanied 
by extensive air showers. It seems that these two types of shower have 
rather different properties (Janossy and Broadbent, 1947). 

The showers produced in the absorber wiU be called 'local pene¬ 
trating showers’ or simply 'penetrating showers’, while the term 'exten¬ 
sive penetrating showers’ will be used for the showers contributing to the 
background. 

Nature of the primaries of local penetrating showers 

613. It is seen from equation (4) that the range of the primaries 
producing local penetrating showers is equal to Xq, i.e. 4*5 cm. of lead. 
Expressed in cascade units we have 

Xq = 8*5 cascade units in lead. (G) 

Using the arrangement of counters shown in Fig. 121 Janossy and 
Rochester (1943 6) found that the |)rimaries of the local penetrating 
showers consist of both ionizing and non-ionizing particles. 

Sevenfold coincidences and anticoincidences were recorded. 

The absorber T was surrounded on five sides by the anticoincidence 
counters A. Anticoincidences were therefore caused mainly by 

non-ionizing primaries which were absorbed in T, giving rise to pene¬ 
trating showers. 

614. The rate of anticoincidences did not decrease noticeably when 
a lead absorber 5 cm. thick was placed above the anticoincidence 
counters. This observation shows clearly that the j^enetrating showers 
are not due to photons. Photons would either be absorbed in a layer 
of 5 cm. of lead or els© would give rise to ionizing particles. The 
probability of photons traversing 5 cm. of lead and arriving unaccom¬ 
panied on the bottom is negligibly small. Therefor© anticoincidences 
due to photon-produced showers would be completely cut out by 5 cm. 
of lead. 
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This observation, together with the observed value of the mean free 
path a;o of the primaries giving rise to penetrating showers, shows clearly 
that the penetrating showers are not produced by the soft component. 



Fig. 121. Anticoincidence arrangement for the observation of penetrating 
showers. Jdnossy and Rochester. From Phys. Bev, 64, 348. 

615. Assuming an absorption coefficient a for the non-ionizing 
primaries the rate of anticoincidences can be estimated as follows. 

An anticoincidence ^ 7 —A is only recorded if the non-ionizing primary 
succeeds in traversing the absorber S placed above the anticoincidence 
counters A, without encounter. If the thickness of S is y, the proba¬ 
bility that a primary is not absorbed in S is e-^y. 

In order to give rise to a penetrating shower in T the primary has to 
be absorbed in T. If the thickness of T is x, the probability that the 
primary is absorbed in T is 1 —The probability of observing an 
anticoincidence is therefore proportional to 

Probability ~ e-^^(l—(7) 

616. It is found that the rate of anticoincidences ^ 7 —A, although 
only slightly affected when increasing S from 0 to 5 cm. of lead, was 
considerably reduced when y was increased from 5 to 35 cm. of lead. 

The observations can be interpreted by assuming that part of the 
local penetrating showers are due to non-ionizing primaries with ranges 
exceeding 5 cm. of lead. 

It appears that the range of the non-ionizing primaries is somewhat 
larger than that of the ionizing primaries discussed in §611. The 
difference between the two ranges is, however, inside the experimental 
uncertainty and may not be real. 
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It is therefore concluded that the local penetrating showers are pro¬ 
duced by ionizing and non-ionizing primaries, both types of particles 
being more penetrating than electrons or photons. 

617. From the geometry of the arrangement the absolute intensities 
of the primaries can be estimated. The following orders of magnitude 
are found: (1) The non-ionizing primaries represent about one-third of 
all primaries. (2) The intensity of all primaries is of the order of 
1/10,000 of the total cosmic-ray intensity. 

The barometer effect 

618. Closely connected with the transition effect of penetrating 
showers is the barometer effect. Consider an increase db of the atmo- 



Kia. 122. Showers produced in equivalent layers of air and lead. 
From Proc, Roy, Soc. A, 183, 191. 


spheric pressure b, corresponding to an increase in the mass equivalent 
of the atmosphere of 

M = ( 8 ) 

76 cm. Hg- 


During tiio period of liigher jjressure, primaries which would have been 
normally absorbed in the top layer of the absorber (Fig. 122) are now 
absorbed somewhere in the atmosidiere between the pressure levels b 
and b+db. Because of the low density of air the height difference 
between the two levels is rather large, and the showers produced near 
the pressure level b will diffuse before reaching the apparatus at the 
level b+dh (see Fig. 122). Roughly speaking, only those primaries will 
be capable of discharging the recorder which can penetrate to the leve 
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Thus the decrease of penetrating shower intensity due to 
increase of air pressure is equal to the rate of absorption of the primaries 
in air. 

619. Jdnossy and Rochester (19446) found for the barometer coeffi¬ 
cient of penetrating showers 

= —12 per cent, per cm. Hg. (9) 

This barometer coefficient is equivalent to a mass absorption coeffi¬ 
cient of the primaries of 

a = 1/113 gm. per cm.^ (10) 

This value is a little smaller than that expected from the transition 
effect (§ 611). 

The absorption of the primaries was measured directly by measuring 
the intensity of penetrating showers at different heights. Braddick and 
Hodson (1947) (private communication) recorded penetrating showers 
with an arrangement similar to that shown in Fig. 117 up to about 
10 km. height; they found an absorption coefficient in agreement 
with (10). 

A similar value for the absorption coefficient was obtained by Tinlot 
measuring the intensity of penetrating showers at 5 and 10 km. above 
sea-level. (See Rossi (1948).) 

Penetrating non-ionizing rays 

620. Observations of penetrating non-ionizing rays have been re¬ 
ported in §§ 295-6, Ch, IV. The radiation investigated in those experi¬ 
ments appears to have a mean free path comparable with the primaries 
of penetrating showers. It is therefore plausible to assume that the 
two radiations have the same nature. 

On comparing the absolute intensities it is found that the non¬ 
ionizing radiation discussed in Chapter IV has an intensity of about 
1/700 of the sea-level intensity. The non-ionizing radiation giving rise 
to penetrating showers is estimated to have an intensity equal to about 
1/30,000 of the sea-level intensity. 

In spite of the discrepancy of intensities the two radiations may have 
the same nature. 

Only primaries with energies sufficient to produce penetrating showers 
containing several particles are recorded in the experiments described 
in §§ 613-15. The arrangement of Chapter IV was sensitive to those 
non-ionizing primaries with secondaries of more than 5 cm. Pb range. 
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It is clear that the latter arrangement was sensitive to a considerably 
larger part of the spectrum of non-ionizing particles. 

The difference in the two intensities can thus possibly be accounted 
for by the different sensitivities of the two arrangements. 

(6) Extensive Penetrating Showers 

621. At the time of writing of the first edition of this book the role 
of penetrating extensive air showers was not understood. It has become 
abundantly clear since that the bulk of these showers are just extensive 
air showers; though extensive air showers probably do contain some 
mesons (Rogozinsky (1944)), these do not seem to contribute to the 
meson component to any appreciable extent, and the bulk of the 
penetrating particles occurring in extensive air showers may not be 
mesons at all. 

622. The fact that extensive air showers contain particles more 
penetrating than electron cascades had already been pointed out by 
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Auger after preliminary investigations (compare § 565). The fact that 
all extensive showers contain penetrating particles was strongly empha¬ 
sized by Cocconi, Loverdo, and Tongiorgi (1943). 

The mode of production of penetrating particles in air showers is 
essentially different from the production of local penetrating showers 
as was demonstrated by Broadbent and Janossy (1947). We describe 
these experiments briefly: 

A penetrating shower set P, similar to that shown in Pig. 117, was 
connected with a counter tray E of 3,500 cm.^ area nearby. Both 
coincidences {E, P) and anticoincidences (E—P) were recorded. The 
rates of coincidences and anticoincidences as functions of absorbers T 
placed above P (but not E) are shown in Figs. 123 a and b. It is seen 
that the coincidences (P, E) which are caused by extensive showers, 
show a transition effect in lead very much like cascade showers. The 
anticoincidences (P—E) are caused by showers which do not discharge 
the large tray E\ these showers show a mass proportional transition 
effect when comparing lead and paraffin. Prom the striking difference 
of the transition effects (P, E) and {P—E) it was concluded by Broad- 
bent and Janossy (1947) that these transition effects are caused by 
essentially different processes. 

623. The spread of the extensive showers recorded by coincidences 
(P, E) is indicated by the following Table 3. 

Table 3 



(P) 

No 

abso7'ber T 

(/>, K) 

distance from P to P 


above 

. .. 

.. ... 



top tray 

0-5 m. 

3 rn. 

K) in. 

Rate per hour 

0*15±0-01 

O-lliO-Ol 

O-lO.bO-Ol 

0 -()8_L0-0J 


624. In Table 4 we give coincidence rates between P, an unshielded 
extension E, and an extension S, 8 was split into two sections and a? 2 > 
and shielded by 15 cm. Pb. 


Table 4 

(From Janossy, Rochester, Broadbent (1945)) 



PE 

(P,i7, -S) 

{P, P, S) 

(F. E, S,S,) 

Rate per 1,000 

240 

1 

100 ±8 

24-i:4 

114:3 
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B. Theory of Meson Production 

1. Theory of Hamilton^ Heitler^ and Peng {1944) 

625. The most far-reaching attempt of interpreting the production 
of mesons is due to Heitler and various co-workers. The theory is de¬ 
scribed briefly in Chapter III. The colhsions between fast nucleons are 
treated with the radiation damping method proposed by lleitler (1941). 
The coupling constants are taken from the Moller and Rosenfeld (1940) 
theory. The theory was proposed before the discovery of the 7r-meson 
and it is assumed that both charged and neutral mesons occur; also it 
is assumed that two types of mesons are emitted by nucleons: (1) the 
pseudo-scalar meson with spin 0 and (2) a vector meson with spin 1. 
The various types of mesons are introduced on purely theoretical 
grounds, as explained in Chapter III; experimental evidence has been 
obtained for a charged meson only. The spin of the observed meson is 
probably 0 (see Chapter VI), though a spin ^ would also be compatible 
with observations. 

Both the discovery of the 7T-meson and the realization that the 
jix-meson is not directly connected with nuclear forces makes certain 
modifications of the theory of Hamilton, Heitler, and Peng necessary. 

It must be supposed that only 7r-mesons are emitted directly (see 
Appendix III), these 7T-mesons decay soon into jit-mesons. It was sug¬ 
gested that the neutral Tr-mesons have an extremely short life-time, after 
which tliey decay into two photons (or two electrons). The neutral 
mesons might thus be responsible for the electronic component of 
penetrating showers. 

The production of mesons by photons which was considered in detail 
by Hamilton and Peng (1944) should give a relatively unimportant 
contribution to the l)ulk of the mesons; this process may, however, be 
of some ini])ortance in air showers. 

2. Qualitative Description of Meson Production and 

Penetrating Showers 

626. A primary proton entering the atmosphere is assumed to 
collide with nucleons inside atomic nuclei and thus to give rise to the 
emission of mesons. According to the theory described above it is 
expected that both neutral and charged 7r-mesons are emitted. The 
transverse meson decays almost immediately and produces an electron 
component, while the |)soudo-scalar mesons form the hard component 
of cosmic rays. 
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(a) Spectrum 

Mesons 

627. The mesons produced by the primary protons are likely to have 
a spectrum similar to the primary spectrum. Therefore it must be 
assumed that the primary spectrum is a power spectrum with an 
exponent of the same order as that of the spectrum deduced from the 
absorption curves and from the momentum measurements near sea- 
level. 

A nucleon is, however, assumed to lose its energy in a number of 
successive collisions, therefore the average energy of the mesons is a 
fraction of the average primary energy. This result of the theory of 
meson production is in agreement with the qualitative conclusions 
arrived at in § 528 from the analysis of the geomagnetic effects. 

628. The fact that the meson spectrum near sea-level can be ac¬ 
counted for in terms of meson production cannot be regarded as 
evidence for the theory of meson production, as any meson spectrum 
could be accounted for by assuming a suitable primary spectrum. 

Independent evidence for the theory is, however, obtained by con¬ 
sidering the latitude effect of the meson component. With decreasing 
latitude a correspondingly decreasing part of the primary spectrum 
remains effective (see Ch. VII). The change of meson intensity witli 
latitude can thus be derived from the spectral distribution of the 
primaries. In a more detailed calculation it was shown by Heitler and 
Walsh (1945) that it is possible to account at the same time for both 
the latitude effect and the meson spectrum at sea-level. 

Electrons 

629. A considerable part of the soft component at high altitudes can 
be accounted for in terms of decay electrons of the neutral mesons. 
Whether or not such an interpretation of the soft component at high 
altitudes is compatible with the east—west asymmetry needs further 
investigation. The high-energy part of the electron spectrum which is 
thought to be responsible for the extensive air showers can only be 
accounted for in terms of the decay electrons of the transverse mesons 
provided the life-time of the neutral meson is sufficiently short. 

From the analysis of extensive showers it seems that there are elec¬ 
trons (or photons) of lO^o MEV. near the top of the atmosphere. The 
decay range of neutral mesons increases in proportion with energy owing 
to the relativistic effect (see § 321); thus to give rise to IQio electrons 
high up in the atmosphere, the decay of lO^o meV. neutral mesons must 
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still be appreciable, i.e. their decay range must not be larger than, say, 

1 km. Assuming for the rest-energy of the neutral meson 100 MEV., 
this gives the following condition: 

c4(77-o) ^ 1 km.^ ^^ 

Thus the extensive air showers at low altitudes can only be accounted 
for as arising from the decay of neutral mesons if the life of the latter 
is less than 3 X 10“^^ sec. Nothing is known experimentally either about 
existence or possible properties of a neutral 7 r-meson. 

(6) Penetrating Showers 

630. Penetrating showers of the type shown in Plate 4, which con¬ 
tain a few penetrating particles coming from a common origin, can be 
accounted for in terms of collisions of a nucleon with a nucleus of the 
absorbing material above the chamber. 

631. The cross-section for nucleon-nucleus collision is of the order 
of the geometrical cross-section of the nucleus involved. 

The geometrical cross-section of a nucleus with weight number A is 
according to Heisenberg (1937 a) 

^ 0-53(e7mgC^)^^. (11) 

The cross-section of a lead nucleus is therefore approximately 

<l)pb = Trrpij = 2*4.10~2^ cm.^ (12) 

Thus the mean free path of a fast nucleon in lead is 

iVVyi3b 

The above estimate is very rough and refers to tlie orders of magni¬ 
tude only. There are two sources of error we may mention. Firstly, the 
cross-section is increased by the fact that each nucleon has its 'sphere 
of action’ and therefore a fringe should be added to the nucleus. This 
effect was discussed by Jaiiossy (1943). The mean free path of high 
energy nucleons for the fringed Pb nucleus was found to be considerably 
smaller than the value given in (13). Secondly a nucleus may to some 
extent be transparent, particularly for not too high energy nucleons; 
this effect tends to reduce the effective cross-section. Incidentally, 
these effects make the cross-sections increase with increasing energy. 

(c) The Origin of the Fast Nucleons near Sea-level 

632. It remains to discuss how fast nucleons are able to reach sea- 
level. 
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The rate of loss of the nucleons in air must be large, since the observed 
height of formation of the bulk of the meson component is so great. 
The theory of meson formation also predicts cross-sections so large 
that most of the primary nucleons must be absorbed in the upper part 
of the atmosphere. 

Considering average energy loss, only the most energetic nucleons, if 
indeed any, can reach sea-level. The bulk of the observed penetrating 
showers contain, however, only a few particles and it is therefore not 
likely that the nucleons near sea-level have very high energies. 

633. The presence of nucleons of relatively low energy can be ac¬ 
counted for in terms of fluctuation of energy loss (Janossy, 19446). 

Assume that the cross-section 3> for the total absorption of a nucleon 
depends only slightly upon the energy of the nucleon. Then the 
probability of a nucleon reaching sea-level without collision is given by 

exp(—^o/a), (14) 

where a = Aq^^IN<S> (15) 

and Bq is the mass equivalent of the atmosphere. The total number of 
nucleons reaching sea-level is therefore 

-^sea-level = f exp(—cos^)sini? di? /q— 

i ^ ( 16 ) 

where Iq = 27tJo is the rate of nucleons per cm.^ and per min. on the top 
of the atmosphere. 

The intensity of nucleons at sea-level can be estimated from the 
transition effects described in § 611. Using an arrangement with a 
collecting area of about 1,000 cm.^ the rate of penetrating showers 
produced in an absorber T was 0-2 per hour, or 


J. 10“® per min. per cm.^ 


(17) 


Assuming Iq = 30 per cm.^ per min. (compare § 419) it follows from 


(16) and (17) that ^ 

or with the help of (15) 

O = 4*1.10“^® cm.2 


(18) 

(19) 


The nucleons reaching sea-level can thus be assumed to be primary 
nucleons which, by chance, have escaped collisions with atomic nuclei. 

We note that the experiments of Schein, Iona, and Tabin (1943) and 
those of Regener (1943 6) also indicate that the mesons are produced by 
primaries with cross-sections of the same order as the size of atomic 
nuclei. 
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3, Conclusions 

634. The mean free path (13) is of the same order as that observed 
for the primaries of penetrating showers (see eq. (5)). It is therefore 
reasonable to assume that the primaries of the penetrating showers are 
nucleons. 

It was shown in §§ 613-15 that penetrating showers are due to both 
ionizing and non-ionizing primaries. It is therefore reasonable to assume 
that these primaries are protons and neutrons. The theory of meson 
production leads in fact to the result that at sea-level both neutrons and 
protons will be expected even if it is assumed that the primary beam 
consisted of protons only. Protons in the process of emitting mesons 
may change over into neutrons and vice versa. A beam of protons will 
therefore soon change into one containing both neutrons and protons. 

It can thus be concluded that the production of mesons both at high 
altitudes and at sea-level can be accounted for by assuming ionizing 
and non-ionizing primaries which are absorbed with a cross-section of 
the same order as the geometrical cross-sections. 

This process can be interpreted in terms of the production of mesons 
in the collision between fast nucleons. The theory of this process as 
developed by Heitler and Peng (1944) and others is in qualitative 
agreement with all relevant observations. Compare in particular Heitler 
and Janossy (1949 a, &). 

635. No detailed interpretation of the extensive penetrating showers 
can be given. It is, however, likely that the extensive air showers are 
large cascades and that by some process a stnall number of penetrating 
particles are formed by the electrons or photons of the cascade. The 
bulk of the hard component cannot be assumed to be produced in large 
cascades as it was shown in Chapter VII that the meson component 
cannot be assumed to be secondary to the soft component. 
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636. CosMic-EAY research, frequently involves a knowledge of statistics; 
it is often not easy to distinguish between the significant features of a 
set of results and those which are due to chance. 

Consider as an example two sets of observations. In the first set 
coincidences are observed during an interval while in the second set 
coincidences are observed during an interval The observed quantities 
are the counting rates 

jRi = njt^ and (1) 

We consider the question whether the difference 

= AB (2) 

can be regarded as significant. 

637. Whatever the numerical values of the rates B^ and iZgj any 
difference might be due to fluctuation and therefore it can never be 
concluded with certainty that a difference is significant. It is only 
possible to give the probability that a difference is or is not due to 
fluctuation. 

For practical purposes an arbitrary limit has to be chosen as to how 
improbable a thing will be accepted. Sometimes fluctuations with a 
probability less than 1/16 are excluded as unlikely. This is, however, 
a very dangerous practice as it leads to a wrong conclusion once in 
sixteen cases. It is safer to exclude fluctuations with probabilities less 
than 1/370, but it must be emphasized that even this limit is by no 
means generous. The number of cosmic-ray observations published 
goes into thousands and therefore even excluding fluctuations of 1/370 
many wrong conclusions must have been arrived at. 

A. Distribution Functions 

A short mathematical survey is given in section A of the more 
important properties of some statistical distributions. In section B 
applications to experimental results will be discussed. The present 
section A is not essential for the understanding of the following section 
and it can be omitted by the reader. 

1. The Poisson Distribution 

638. Consider independent events taking place at random. To fix 
ideas consider cosmic-ray particles falling on a counter. Assume the 
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average number of events in a period ^ to be The probability P that 
during a particular period of observation n events take place will be 
determined. Subdivide the interval t into a large number N of sub- 

dt = tjN. (3) 

The probability that an event takes place in any given interval it 
can be taken as 

(4) 

while the probabihty that no event takes place during dt is given by 

l—pdtiL (5) 

The probability of more than one event taking place in the interval dt 
is of the order of dt^ and will be neglected. 

If n events occur during the total interval t, it can be assumed that 
one event takes place in each of n specified intervals dt, while no event 
takes place in any of the remaining N—n intervals. The probability 
that the events happen in the n given intervals is 


{p dtlt)^{ 1 ~-p dtjt)^-^. (6) 

The total probability of n events taking place is obtained by summing 
(6) over all different combinations of n intervals which can be picked 
out from the total of N intervals. The number of these combinations is 


With help of (3), (6), and (7) it follows that 


(7) 


For the limiting case N ’->oo and njN 0, 

P{p,n) = e-^^ip’^jnl). (8) 

The function P(p, n) is the Poisson distribution. 

639, With help of (8) we introduce as a moment generating function 


00 


X{x,p) = 2 e.‘'>^P{p,n) = exp[(e®— 1 ) 2 ^]. 

n—0 


From (9) the following expressions are obtained: 


further 

and 


X{0,p) = P{p,n) = 1- 
(ny == f nP(p,n) = [^logz] = p 

? l =0 / a .=0 


(9) 

( 10 ) 

( 11 ) 

( 12 ) 
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Expressions (11) and (12) give the mean value and the mean square 
deviation of n. Sometimes use will be made of the root mean square 
deviation, which is given by 

hn = V<(^“<^»'> = (13) 

640. An important property of the Poisson distribution which might 
have been taken as an alternative starting-point will now be derived. 

Consider two series of random events. The average number of the 
one type of event in a fixed interval is and the average number of 
the other type of event is It will be shown that the total number of 
events is on the average distribution is Poissonian. 

As a physical example take the case of cosmic rays with an average 
rate of superimposed on to a background of pg radioactive particles. 
The total number of particles will obviously obey a Poisson distribu¬ 
tion as the radioactive particles are just as independent of the cosmic- 
ray particles as they are independent of each other. The problem is 
then to determine mathematically the result of the superposition of two 
Poisson distributions. Thus we consider the probability that n' events 
of the one type are taking place and n" events of the other type are 
taking place, with 

n'+n" = n. (14) 

The probability of a total number of n events is 

2 P{Pi.n')P(p,,n"). (15) 

n*+n''—n 

With help of (9) 

X{pi,x)X{p2,x) ==2 6 *“ 2 = 2 

n=0 n'+n.'=w n=0 

(16) 

Further = X{py+p^,x) (17) 

and thus the generating function of P(Pi,P 2 »^) simply 
i.e. the generating function of P(Pi+i? 2 »^)* Thusf 

= PiPx+P^'^'^) (1^^) 

as was stated above. 

641. For some applications the distribution of a difference is of 
importance. Consider now two series of random events, one having 
an average of and the other pg. Let us find the probability that the 
one type of event occurs n' times while the second type occurs n" 
times so that 

vf^n" = (19) 

t It is assumed that the generating function determines the distribution uniquely. 
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( 20 ) 


+ 0O 


-p-w 

Define the generating function as 7(3)1,3325^) = 2 e’^®6(3^i,3^25^)- 

— 00 

Then, with help of (9), (20), and (21) 

y( 2 ’i.^ 2 =a:) = X{pi,x)X{p 2 , —x). 


+ 177 


( 21 ) 


( 22 ) 


Note that ^ J 

— ITT 

And therefore, with help of (9) and (21), 

+177 

c—(jPi+P^ /* 

Q{PvPi,f»') = ^-^ J 

— 177 

Inserting e* = ^ = —^i‘sl(PiPi)> right-hand integral can 

be expressed in terms of Bessel functions with imaginary argument 
(Watson, Bessel Functions, 2nd ed., p. 20, eqn. 4, and p. 77 for definition 
of /„,(2)). We have 

Q(PvPz>»i) = (23) 


\Pi 


The case Pi = p^ — p is of interest. We have 
Q{p,p,m) = 4(2p)e-2J'. 


(24) 


2. The Gaussian Distribution 


{a) Asymptotic Representation of the Poisson Distribution 

642. The Poisson distribution P{p,n) has a strong maximum in the 
vicinity of p n. If p is not an integer, then the most xn-obable value 
of "is given by Po = [p], (26) 


where [p] stands for the largest integer less than p. If p is an integer, 
then p and p—1 are equally inobable. It will now be shown that the 
Poisson distribution in the neighbourhood of p^ can be rejiresented in 
good approximation by a Gaussian distribution provided 

Zn == <fp^ 1. (26) 

Write 'H' = Po+^- (^'^) 


With help of (8) and (25), 

P{p>Po+h) = P(p,Po) 


ph 

(i’o+l)"-(Po+^) 


Bb 


(28) 


3695.40 
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And therefore 

log{P(i),jpo+^)} = log-P(25.Po)+^log(WPo)— 

A similar expression can be obtained for log P(s,PQ—h). 
Neglecting terms in QilpY 

log{P(^>,po+^)} ~ logP(p,Po)+---^^+^^ 


€ = 

, 1-26 


fo ^Po 


(29) 


(30) 


= n—p—i 


(31) 


Introduce a new variable 

z = h 

and we have P(p,n) const. exp(— 22 / 2 ^^). 

The right-hand side of (31) has the form of a Gaussian distribution. 
The constant can be most easily determined by the normalization 
condition. The probability of finding n inside an interval dz, where 

l<da<pi, ( 32 ) 

is given approximately by 

n+^dz 

y P(p,n) P{p,n)dz. 

Therefore ^ = 2 ^(P’ ~ const, f dz 

n=o J 


The error which arises from putting the lower limit -00 is negligibly 
small. Usmg the known value of the right-hand integral it follows that 


const. = 


1 


V(2^Poy 

and thus the following asymptotic representation is obtained: 

1 


P(P,P+i+z) 


^/(^”Po) 




(33) 


(34) 


(b) Error Integral 

643.A,™m» , 35 , 

and further that G(,c,z) dz is the probability of finding a deviation in 
the interval z,dz. For practical purposes it is important to find the 
probability that a deviation exceeding z takes place. 
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The probability of absolute deviation > z is 
00 

^ j e-«Uy = (36) 

zHW) 

The last expression (36) is known as the error integral. A few numerical 
values are collected in the following table. 


zJk 

Probability of deviation > z 
= 

0-674 

0-5 

1 

0-32 

2 

0*046 

3 

1/368 

4 

1/16000 

5 

1/1*8x108 


K is called the standard deviation. We see that deviations exceeding 
three times the standard deviation are rare. 

We note that the probability of a deviation exceeding 

K = 0-674k (37) 

is equal to This deviation is called the mean deviation. It is useful 
to express deviations in terms of either the standard deviation or the 
mean deviation 0*674 k. It is irrelevant whether deviations are expressed 
in terms of mean deviation or standard deviation. It is, however, 
important to state clearly which definition is being used. In this book 
standard deviations have always been used. 

644. For the investigation of the properties of the Gaussian distribu¬ 

tion it is useful to introduce the Laplace transform of the Gaussian. 
The Laplace transform plays the role of the ‘generating function’ 
introduced in § 639. ^oo 

Introduce JSfJj(A,/c)= —^ dz ~ (38) 

— 00 

The mean square deviation becomes 
<**> “ 

(compare § 639). 

(c) Superposition of Oaussian Distributions 

645. Consider a quantity which is subject to Gaussian fluctuations 
due to a number of different and independent causes. The probability 
that the quantity shows a deviation between and z-^-^-dz-,^ due to the 
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first cause, a deviation between and z,^-\-dz 2 due to the second cause, 
and so on is given by the product of the probabilities of the individual 
deviations. The probability is thus 

g—sf/S/cf 

Let us determine the probability that a given linear combination of the 
deviations 

^ = . 4 ^ 211+^.22:2+...+. 4 ^ 


has a value between Z and Z-\-dZ. 

The probability for this to happen is 


G{Z)dZ = 



Z^AiZi+...AnShi^Z+dZ 


g— q—zII2kI 

^J(27^Kl) V(27r/c|) 


.dz^dz^,,. . 


Introducing the Laplace transform of (39), we find 


(39) 


J e^^O{Z) dZ = (40) 

0 

The right-hand expression is the Laplace transform of the Gaussian 
with the standard deviation (see (38)) 

k = ^{AIkI+AIkI+,„). (41) 

Thus the distribution of is a Gaussian distribution with the standard 
deviation given in (41). 

In particular the sum and the difference of two quantities both show 
Gaussian distributions, provided the quantities themselves have Gaus¬ 
sian distributions. The standard deviation of both sum and difference 
is given by 

= ^(4+4). (42) 


3. The V-distribution 


646. Let us determine the probability that the sum of the squares 
of N subsequent deviations of a quantity is between and 

u^+du^l that is the probability that n deviations Xj^,X 2 ,take 
place so that 

< xl+xl+,.,+x% < u^+duK (43) 

The probability for any N deviations x^ is given by 


1 

(W)*^ 


e-(a:f+arl+...+a:J^)/2K® ^x^dx<^ ... dx^. 
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Therefore the probability of N such deviations which satisfy the condi¬ 
tion (43) is given by 

r{u^) dv? = J J e-<»5+-+®5r)/2«'‘ dx^ ...dx^. (44) 

It®+a:|+... 

To evaluate the probability (44) take the Laplace transform of Tl.2u 
with respect to 


= J du = 
0 



g{(A-l)|(2K“)}« 





From a table of Laplace transforms we find thus 

■n/ 9.\ 

"" 2{(2V-2)/2}!(2/c2)i^’ 

and therefore (46) gives the required distribution. 

647. Note the following properties of the F-distribution. 
1, The maximum of the distribution lies at 


{N-1)k\ (47) 

For iV = 1 the maximum of the distribution lies at = 0. 

2. The average value of can be obtained from (45) by differentia¬ 
ting with respect to A. We find 
00 

<m2> = J du = ^g^log.S?r; 2 «j^ (^8) 

0 

Finally, the mean square deviation of becomes 

<(«2-<«2»2> = j^^(logr/2i.)|^_^== 2i^K‘. (49) 

For large N the F-distribution in the vicinity of its maximum can be 
approximated by a Gaussian distribution. 


4. Bayes's Theorem^ 

648. A distribution D(p,n) defines the probability of observing a 
value n when the average value is p. In practice, however, p is unknown, 
and the value of p has to be estimated from the observed value n. 

t Objections to tiie use of Bayes’s tlieorem have been raised. Different treatments 
are given, for example, by A. V. Fisher. 
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According to a theorem due to Bayes the probability of ^ being found 
in an interval jp, dp is given by 

(50) 

where/(^) is a slowly varying function of p. The function/(p) cannot 
be determined and therefore the statement has a certain ambiguity. 
In all practically important cases, however, D[p, n) has a sharp maxi¬ 
mum in the neighbourhood oip = n and it is possible to assume that 
f{p) does not change appreciably in this region. It is therefore usual to 
remove the ambiguity by assuming 

f{p) = const. (51) 

The ambiguity due to the function f{p) seems to be an essential 
feature of the statistical method and, presumably, it cannot be removed 
at all. 

649. The inverse distribution corresponding to the Poisson distribu¬ 
tion is 

P(p,n)dp = e-^^dp, (52) 

where is regarded as the variable. The distribution (52) is normalized. 
It is interesting to calculate the average value of p for a given n. From 
(52) it follows that 

<p> = J P(p,n) dp = n+1, (53) 

In particular for n = 0, (py = 1. No great weight can be attached to 
the actual numerical value (py thus obtained, but it is significant that 

(py > 0 for n = 0. (54) 

Physically this means that if no count is observed in a given period, it 
cannot be concluded that the average rate is zero; the only conclusion 
to be drawn is that the average rate is small. In fact, with an average 
rate of 1, the probability of having no count is appreciable. 

(54) should be compared with the ordinary Poisson distribution. If 
the average rate is known to be zero, no value but zero can be observed. 
Therefore for the ordinary Poisson distribution 

(ny = 0 for p = 0. (55) 

650. Further, for the inverse Poisson distribution 

Sp = ^{n+1). (66) 

It can be seen easily that for large values of p and n the inverse 
Poisson distribution is very similar to the ordinary Poisson distribution. 
(Of course the one distribution is discrete while the other is continuous.) 
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B. The Analysis of Observational Data 
1. Single Observation 

651. If 71 counts are observed during a time t, then the observed 

JR = nlt. (57) 

The standard error of is 

871 = ^ 1). (S8) 

Thus using the numerical values of the table on p. 371, and with help 
of the considerations of § 648, it follows that 

(1) there is a probability of 68 per cent, that the average number 
p is inside the interval 

n—^ln, n+Vw; (69) 

(2) the probability of p being outside the interval 

72,—SVti, 

is only ^ of one per cent. 

Therefore the average rate which can be defined by 

^ = pjt, (60) 

is likely to be inside the interval 

Wi—L] to Wi+iV 


But the rate ^ is unlikely to be outside the interval 


Wi-i] to s(i+iV 


2. Observation of a Difference 
652. Consider two rates 

= njti and — njt^. (61) 

Assume = r > 0. (62) 

If rii and are sufficiently large it can be assumed that they obey a 
Gaussian distribution. Further from (34) and (41) it is concluded that 
the standard error of r is given by 


If 



r > 38r, 


(63) 

(64) 


then the probability of the correct value of r being zero or negative is 
less than 1/740. (Note that the values of the table on p. 371 refer to both 
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tails of the Gaussian: 740 = 2x370.) Thus if the condition (64) is 
satisfied it is safe to conclude that the rate 

^1 = 25 A 

is significantly greater than the rate 

= PJh- 

In planning experiments it is often of importance to estimate beforehand 
how long a period of recording will be required to establish a difference 
between two counting rates. 

Assume that two rates and JZg fiave a ratio 

RJB^ = 1+A. 

To establish the difference B^—R^ = r we must have 

and thus the estimated time of observation is 

2t = 36/^2 J?. 

For instance, for ^ = 0-1 2t = 3600/jR, 

thus 3600 counts are necessary to establish a difference of about 
10 per cent. 

653. If the condition (64) is just fulfilled then the difference between 
the rates can be assumed to be significant, but the actual magnitude 
of the difference remains very uncertain. In order to determine the 
magnitude of the difference r it is necessary to have 

r > 38r. 

If it is desired to determine the difference between two very different 
counting rates, the question arises of how to divide the time of observa¬ 
tion between observing the two rates. The best choice is obviously 
the one which makes (63) a minimum for = const. We find Sr 
attains a (flat) minimum for 

klh = V(^i/-K2). (65) 

Thus more time should be spent in measuring the faster rate than in 
measuring the slower rate. 

3. Series of Observations 
(a) Counting Rate 

654. When determining a counting rate a number of independent 
readings may be taken. During a number of periods t^,t^,,,.,t^ the 
counts recorded are %, The rates during these periods are 

value for the rate is an average of the rates 
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Bi, etc. It can be shown, however, that the most significant combina¬ 
tion of the readings is obtained when they are taken together as one 
reading. Thus the most significant value for the rate during the whole 
period is given by 

R = ^l+^2+^3+--+^iSr ^ /00\ 

^ 2 4" ^3 ”t“ • • • ^iV 

It is seen from this result that no direct advantage is gained by 
subdividing a longer interval into a number of shorter intervals. 

The subdivision of a long period of readings into a number of smaller 
periods has, however, the advantage that from an inspection of the 
individual rates R^, etc., it can be established whether or not these 
readings are consistent. Large fiuctuations of the single readings show 
that the radiation intensity is subject to systematic fiuctuations during 
observation. 


(6) Fluctuations of a Series of Observations 

655. The fluctuations of a number of readings 

will now be considered. 

Assume that the readings etc., are the numbers of coincidences 
recorded with one arrangement in subsequent periods of equal duration. 
The results will be illustrated with help of the table at the end of this 
appendix containing observational results of Duperier.j- 

Normal fluctuation 

656. If the radiation intensity remains constant during the time of 
observation, then the individual readings will fluctuate according to a 
Poisson distribution. If the values of n are sufficiently large, the Poisson 
distribution can be replaced by the corresponding Gaussian distribution. 

Introduce the mean of the N readings, that is 

Further, introduce the quantity 

which is a measure of the fluctuation of the values n^. If the values % 

t We are very much inclobtod to Prof. A. Duperior for communicating the records 
collected in Table 4. 

J We divide by N~\, and not by N, as only N—\ of the N quantities n^ — n are 
independent. 
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show a normal distribviion, that is if their fluctuation obeys the Poisson 
law, then ^2 ^ (69) 

More precisely, in determining the values of from a large number 
of similar series, it is expected that the individual values of will be 
distributed according to a F-distribution. The average value of 
should be given by 

= n (condition for normal fluctuation), (70) 

and the standard deviation of the /c^’s will be 


The equation (70) holds only if the distribution of the n/s is normal, 
while (71) holds if the show any Gaussian distribution. 

657. The quantity can be determined numerically from (68) for 
any given series of N readings. The difference 

A/c^ = (72) 

has to be regarded as the fluctuation of provided that the n/s have 
a normal distribution. The probability of finding a deviation 
depends on the ratio 

If the F-distribution is replaced by a Gaussian distribution the 
probability of a fluctuation equal or larger Ak^ is equal to 

E{rl^2). (74) 

658. If the probability (74) is of the order of one, or at any rate not 
very small, then the hypothesis that the values fluctuate according 
to the Poisson law is reasonable. If, however, the probability (74) 
becomes very small, then it must be concluded that the n/s do not 
show a normal distribution. Usually the fluctuation of the if not 
normal, is larger than normal. 

659. The procedure is illustrated by investigating the fluctuations 
shown in the three series of observations of Table 4. 


Table 1 



Series 

I 

II 

III 

eq. (67) n = 

25827 

27118 

27847 

eq. (68) /c® = 

31827 

69303 

290933 

eq. (73) r = 

0-79 

4*0 

32 

£J{rl^2) = 

0-43 

1/16000 

0 
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It is concluded from the above table that the series I shows normal 
fluctuation while the series II and III show fluctuation exceeding the 
normal. 




Fig. 124 6. Duporier’s records. 

The intensities given in Table 4 have been plotted in Figs. 124 a and 6, 
together with the barometric pressure. The large fluctuation of series 
III is obviously due to the change of pressure during the period of 
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observation. The large fluctuation, of series II cannot be attributed to 
the pressure. We notice, however, from Fig. 123 that the intensity drops 
by about 2 per cent, in the course of the observation. It will be seen 
that the large fluctuation exhibited by this series is due to this systematic 
drop of intensity. 


(c) Systematic Variation 

Amplitude 

660. Consider now a slow systematic change of the cosmic-ray inten¬ 
sity. Assume that the intensity at a time t is given by 

n{t) = n+a(t), (75) 

The slow change wiU be superposed, and partly masked, by the random 
fluctuation of the counting rate. The random deviation at the time is 

di = ni—n{ti). (76) 

If aU systematic changes are taken care of by a{t), then should be the 
random deviation of the counting rate and 


1 

N^l 



: n. 


(77) 


The d^s are, however, not known; usually only the deviations n^—n are 
known. The can be eliminated as follows: 

i=i 1=1 ' 

(78) 

Averaging (78) over a large number of similar cases we have, with the 
help of (77), ^ 

<‘<^> = n+^^aikr. (79) 


i«=l 


Note that 


(^X^a(ti)d^ = 0 - 


661. It is seen from (79) that in the presence of systematic changes 
the fluctuation expressed in terms of appears larger than normal. 
Conversely, if it can be established for a series of observations that the 
fluctuation is larger than normal, then it can be concluded that a 
systematic fluctuation is superimposed on the random fluctuations. 
The root mean square amplitude of the systematic change is given by 

(80) 

For the three series of Table 4 it is found that the fluctuation of 
series I is normal, i.e. the difference between n and cannot be 
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assumed to be significant. The series II and III, however, show a 
systematic change, their respective root mean square amplitudes as 
obtained from Table 4 being: 


Table 2 



xa 

(coincidences ‘per hour) 

Relative amplitude 

Series II 

180 

0*66 % 

Series III 

612 

1*86 % 


Fast and slow variations 

662. The systematic variation can be either a fast fluctuation or a 
slow secular variation, and it is shown below how it is possible to dis¬ 
tinguish between these two cases. 

Consider the following sum: 

It can be shown easily that the average value of/^ is given by 


</2> = <d2> ^ 


(82) 


The last equation (82) holds only if the d^’s have normal fluctuation. 
However, = Wf+i—%—{a(<^+i)—a(«i)}. 

If the variation a{t) is slow, the difference cc{ti+i)—a{t.i) can be neglected 
and approximately 


The following practical use can be made of (83). For a given series 
of observation we can determine numerically a quantity defined by 




(84) 


The value of should, according to (83), bo of the same order as p. 
Thus is the mean square amplitude of the ‘fast’ fluctuation. 

If there is no significant difference between g^ and 7i for a series, then 
it can be concluded that the variations of the individual values are 
due to normal fluctuatio7i superimposed on a slow secular variation. If, 
however, the difference « _ 

is significantly greater than zero, then it must be assumed that a fast 
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systematic fluctuation is superimposed on the normal fluctuation. The 
difference « ^ « 

4ow = 

gives a measure of the mean square amplitude of the slow variation. 

663. The quantity evaluated for the three series of Table 4, is 
given below. 

Table 3 



Series 


I 

II 

III 

n =: 1 

26827 

27118 

27847 

9^ = 

13693 

22241 

32433 

DiFI’ERBNOB 

-12234 

-4877 

4686 

with standard 
deviation 

±8800 

±9200 

±9400 


We see from the above table that none of the differences 

can be regarded as significant. It is concluded therefore that all three 
series show normal fluctuation, but that the series II and series III 

Table 4 


Series I: 
10-11.6.1943 

Series II: 
26-7.11.1943 

Series III: 
31.12.1942-1.1.1943 

Time 

«i/8 


Time 

nils 

Bi 

Time 

nils 

Bi 

10 

3267 

762-4 

11 

3386 

755-7 

20 

3454 

767-0 

11 

245 

2-4 

12 

430 

6-6 

21 

420 

66-6 

12 

232 

23 

13 

417 

6-6 

22 

412 

66-6 

13 

261 

2-3 

14 

421 

6-4 

23 

407 

66-2 

14 

263 

2-1 

16 

426 

5-4 

24 

387 

66-5 

15 

248 

2-0 

16 

436 

6-6 

01 

414 

64-9 

16 

263 

2-0 

17 

436 

6-8 

02 

388 

64-2 

17 

243 

20 

18 

436 

6-0 

03 

438 

636 

18 

197 

20 

19 

384 

6-2 

04 

388 

62-6 

19 

224 

2-0 

20 

375 

6-2 

06 

456 

61-6 

20 

219 

2-2 

21 

419 

6-3 

06 

491 

50-0 

21 

241 

2-4 

22 

379 

6-4 

07 

439 

48-8 

22 

229 

2-7 

23 

366 

6-5 

08 

486 

46-9 

23 

203 

2-7 

24 

375 

6-4 

09 

476 

46-6 

24 

200 

2-8 

01 

379 

6*4 

10 

490 

44-5 

01 

214 

2-8 

02 

369 

6-4 

11 

630 

43-6 

02 

242 

2-6 

03 

382 

6-3 

12 

630 

41-7 

03 

229 

2-6 

04 

379 

6-3 

13 

638 

40-6 

04 

220 

2-4 

06 

377 

6-1 

14 

638 

38-7 

05 

206 

2-5 

06 

334 

6-0 

16 

539 

37-7 

06 

192 

2-6 

07 

355 

6-9 

16 

664 

36-8 

07 

190 

2-7 

08 

366 

5-9 

17 

590 

36-8 

08 

227 

2-7 

09 

394 

6-0 

18 

678 

36-7 

09 

246 

2-4 

10 

353 

6-7 

19 

690 

36-6 
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show a slow secular variation superimposed on the random fluctuations 
of the individual values. 

The root mean square amplitudes of these slow variations are given 
in Table 2. 


Table 5 


Derived quantities 


Quantity 

, Defined hy 
equation 

Series 

I 

II 

III 

n 

(67) 

25827 

27118 

27847 


(68) 

31827 

69303 

290933 


(84) 

13583 

22241 

32433 


C. CORBBLATION 

664. It has been shown in the last section how the fluctuation of a 
set of readings is analysed. In particular it has been shown that a 
secular variation can be separated from the random fluctuation of the 
numbers of recorded coincidences. 

Once the existence of a slow variation is established, as it is estab¬ 
lished e.g. for the series II and III, the question arises how to find the 
variation a[t) itself. 


I, Barometer Effect 

665. Inspecting Fig. 124, where the series III is j)lotted, it is clear 
that the change of intensity is connected with the change of air pressure. 
It can be assumed as a first approximation tliat the change of intensity 
is proportional to the change of pressure, 

a{t) = oL,b{t), (85) 

where is a constant and b(t) is the deviation of the pressure from the 
mean at the time t. Thus 

b(t) = B(t)-B (86) 

with 

(a) Begression Coefficient 

666. The counts when connected for pressure are thus 

rrii = n^—ot.b{ti); ( 88 ) 

if the whole of the slow variation is due to a pressure effect as defined 
by (85), then the m/s should contain no systematic variation and 
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therefore they should have a normal fluctuation. If, on the other hand, 
(85) gives only part of the slow variation then the have still more 
than normal fluctuation, but in any case the fluctuation of the 
must be less than that of the Ti^’s. 

Unless it is known from other observations what the value of a is, 
it can be determined from our series by postulating that the correct 
value of q: makes the fluctuation of the m^’s a minimum. 

Thus we postulate 

4 = 2 = YZTi 2 

i=l ' -1=1 

= minimum in (a). (89) 

From (78) the best value olq for oc is 




Further, from (68), (89), and (90) 


N 

V 6? 


(90) 


(91) 


The correlation can be regarded as significant, provided the fluctuation 
of the corrected values is significantly smaller than that of the 
uncorrected values 71^. 


(b) Mean Sqvme Fluctvxition 

667. It is interesting to plot the fluctuation of the m/s as a function 
of a. We find 

i==l 

Introducing the values of Table 4, series III, 

^ 2 ^>1 = 0-579 {cm.Hg)2 

i=l 

and 

1 ^ 

N —1 2 ~ —381-3 cm. Hg coincidences per hour 

and cxq = —658*5 coincidences per hour per cm. Hg. 

The relative regression coefficient of the pressure effect is therefore 

Iftn = — -2-36 per cent, per cm. Hg. 

n 
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(c) Significance of Correlation 

668. The correlation appears to be significant because the barometer 
correction reduces significantly the fluctuation of the observed values. 

From Table 5, — 290933 

and kI^ = 39870. 

The average amplitude for the normal fluctuation is 
<4ormal> = = 27847. 

Therefore the excess of the fluctuation of the over that of the 
average normal fluctuation is 

Kl^^n = 12023. 

The standard deviation of the normal fluctuation is, according to (71), 

8<4oruaoi> == n = 8200. 

Therefore the fluctuation of the corrected values deviates from 
that of the normal fluctuation by 
12020 

~ 1-5 X standard deviation of normal fluctuation. 

8200 

A deviation equal to 1-5 times the standard deviation occurs with a 
probability of 14 per cent. Such a deviation must be regarded as likely, 
and therefore it is concluded that tlie corrected fluctuation does not 
differ significantly from a normal fluctuation. 

It is concluded that the excessive fluctuation of the series III can be 
fully accounted for in terms of the change of intensity with barometric 
pressure. 

669. It remains to lind the limits between which the actual value of 
a can reasonably be expected to lie. 

The mean square am])litudc of tlie fluctuation has been plotted as a 
function of a in Fig. 125. As can 1)0 inforred from (92) this fluctuation 
is represented l)y a x)arabola having its minimum at ol = cxq. 

The value of the average normal fluctuation {n) lias also been shown 
in Fig. 125 by a liorizontal lino and also this fluctuation plus single, 
double, and threefold standard deviations. The line representing average 
normal+thrce times standard deviation is the largest fluctuation which 
can be regarded as a chance deviation from normal. This line is inter¬ 
sected by the x>arabola at 

a: -- --805 and a = -511. (93) 

Thus a values inside the interval (93) reduce the fluctuation to such a 

3695.40 P, « 
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degree that the reduced fluctuation cannot be regarded as significantly 
different from a normal fluctuation. 





Pig. 125. Single correlation. 


670. The actual experimental uncertainty of a is, however, not neces¬ 
sarily given by (93) if no hypothesis is made as to the fluctuation of 
the corrected values.f The uncertainty of a can be estimated in the 
latter case as follows. A value will give a significantly worse correla¬ 
tion than the optimum value oio, provided the fluctuation < obtained 
for a = is significantly greater than the minimum fluctuation 
The difference between the two mean square fluctuations is 

'4i—< = = (oil—(94) 

and the standard deviation of a mean square fluctuation is 


= 




The difference is significant if it exceeds three times the standard 
deviation S/c®, of 

pr^dTd^^^ difference between a, and has to be taken seriously. 


A< > 38<. 
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And therefore 


, ,^i , mN-m 

jai—cxol > l«;o(i,| I I * 


Introducing numerical yalues from series III, 

loii—aol > 260. 

Thus the correlation deteriorates noticeably if ot’is taken outside the 
interval o:j±250. 

Hence it is not likely that a lies outside the interval 

—400 to —810. 

The comparatively large margin of admissible a values is due to the 
fact that the period of observation is comparatively short. 

2 . Secular Variation 

671. The fluctuation of series II cannot be reduced sigmficantly by 
correcting the readings for changing pressure as is apparent from the 

“"hwITsS' h!tever, in § 663 that the large fluctuation of the 
readings of series II is due to a slow change of intensity. It is plausibl 
therefore to assume that the intensity of cosmic rays was changing 
gradually during the period of observation due to some outside cause. 
Assume therefore that 

n{t) = n+^Ti, 

with and 

where i8 is a constant signifying the rate of change of the intensity. 
The quantity jS may be determined by the condition that 

^2 ^ ^ = minimum for ^ = ^o- 

P A"—1 


Thus 






__ 2 (%— 

IjI, 

N—l 




M. 

'N-l 


Introducing numerical values from Table 4, 

= —25-0 coincidences per (hour)® 


and 


= 28163. 
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The latter fluctuation is almost exactly equal to the average normal 
fluctuation, namely - 27113 


It is concluded therefore that the large fluctuation shown by the 
series II can be fully accounted for by assuming that the intensity 
of the radiation was decreasing in the course of observation at a 
constant rate, namely at a rate of 25 coincidences per (hour)^, or 


25x100x24 

27118 


= 2-2 per cent, per day. 


The actual value of j 8 is likely to be inside the interval 


26±ll-8 


36-8, 

13*2. 


The fluctuation /c| corresponding to such j 8 -values differs by not more 
than the standard deviation from the average normal fluctuation. 
Further, it is unlikely that the value of jS is outside the interval 


because the fluctuation corresponding to a j 8 value outside the above 
limits would exceed the average normal fluctuation by more than three 
times the standard deviation. 


3. Multiple Correlation 

Regression Coefficients 

672, The cosmic-ray intensity is known to depend on both the 
pressure and the average temperature of the atmosphere. The readings 
n^ obtained in a series of measurements have then to be correlated with 
both changes of pressure and changes of temperature. 

In general it is necessary to assume 

a{t) = a6(i)-l-y0(i), (97) 

where a and y are the regression coefficients for barometer and tem¬ 
perature correlations. 

The best values for a and for y can again be assumed to be those 
which make the fluctuation of f he corrected values a minimum. Thus 

^ 2 = minimum for oc = ocQ,y = yQ. 

(98) 
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The best values are therefore given as the solutions of the following 
system of linear equations. 

^0 2 f>i+yo 2 = 2 \ ( 99 ) 

0^0 2 2 = 2 I 


yo 

Vo 


otb ^0 

Fig. 12C. Multiple correlation. 

673. Introducing the values for ao and yo from (99) into (98) it is 
found that 

= <y.+(«-«o)^i:6|/(^-i)+(r-ro)"2:0f/(^-i)+ 

2 ^^®i(“-“o)(y-ro). (100) 

The equation (100) can he regarded as the equation of a family of 
concentric ellipses as shown in Fig. 126. 

Choosing pairs of values a and y along the same ellipse the same 
value for the lliictuation is obtained. 

The best pair of values for ol and y is represented by the centre of 
the family. In Fig. 126 there have been drawn (schematically) the 
ellipses which coirespond to a fluctuation equal to the average normal 
fluctuation plus v times standard deviation; v ~ 1,2,3,... for a h 3 ?po- 
thetical case. 

The probabilities that the actual values of <x and y lie inside any of 
these ellipses are therefore given by 

r^E{vl^2) {v = 1,2,3,...). 
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Correlation Coefficient 

674. Por the investigation of the system of ellipses Fig. 126, it is 
useful to introduce the correlation coefficient r between the 6^’s and 
the 0^’s. De&ae r by 

The following extreme cases are of interest. 

(1) r® = 1. In this case the ellipses degenerate into a system of 
parallel lines. 

The physical significance of this case is that the and 0^ are exactly 
proportional to each other and therefore the double correlation becomes 



ao=«o 

Pig, 127. Double correlation (independent causes). 


meaningless. In this case a single correlation with one of the two 
quantities has to be used. The case ~ 1 is of course similar and in 
this case a family of very elongated ellipses is obtained. 

(2) r = 0. In this case the ellipses have axes parallel to the a- and 
y-axes. It can be seen easily (see Fig. 127) that in this case the result 
of the multiple correlation is exactly the same as that of two indepen¬ 
dent single correlations. 

(3) If r is significantly different from both zero and 1, the ellipses are 
inclined at an angle of ^ to the axis. And, as the result of a simple 
calculation, it follows thatf 


tan 2^ = 


2 2&i0| 


In this case the result of the single correlation differs from that of 
the double correlation. It can be seen easily that single correlation for 
a would give a value cxq instead of ocq, where olq is the point of contact 
of the oi-axis with the ellipse touching this axis (see Fig. 126). 


t Por 2 2>i = 2 family- degenerates into a family of concentric circles. 
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675. In § 376, Ch. VI, three functions 31(g), i8(g), <£( 9 ), and a constant 
3) were introduced. Numerical values for these quantities are collected 
in Table 1. 


Table 1 


9 


33(9) 

m 

9 


23(9) 

C(g) 

1-0 

0-00000 

1-64736 

00 

3-0 

1-54828 

0-63087 

1 0-47632 

1*1 

0-15204 

1-40100 

12-82104 

3-1 

1-69094 

0-51628 

I 0-45249 

1-2 

0-28621 

1-28089 

611260 

3-2 

1-63219 

0-60066 

0-43098 

1-3 

0-40626 

1-18064 

3-91666 

3-3 

1-67213 

0-48689 

0-41147 

1-4 

0-61486 

1-09574 

2-84156 

3-4 

1-71084 

0-47393 

0-39369 

1-6 

0-61406 

1-02296 

2-21068 

3-6 

1-74839 

0-46170 

0-37741 

1-6 

0-70637 

0-95984 

1-79913 

3-6 

1-78486 

0-46013 

0-36247 

1-7 

0-79000 

0-90461 

1-61149 

3-7 

1-82031 

0-43916 

1 0-34870 

1-8 

0-86888 

0-85586 

1-30015 

3-8 

1-86480 

0-42876 

0-33696 

1-9 

0-94277 

0-81250 

1-13894 

3-9 

1-88838 

0-41888 

0-32416 

2-0 

1-01230 

0-77368 

1-01230 

4-0 

1-92109 

0-40947 

0-31316 

2-1 

1-07797 

0-73870 

0-91043 

4-1 

1-96300 

0-40061 

1 0-30292 

22 

1-14020 

0-70702 

0-82687 

4-2 

1-98413 

0-39195 

0-29336 

2-3 

1-19935 

0-67817 

0-76719 

4-3 

2-01462 

0-38378 

0-28438 

2-4 

1-26574 

0-65179 

0-69826 

4-4 

2-04422 

0-37696 

0-27696 

2-6 

1-30961 

0-62756 

0-64783 

4-6 

2-07324 

0-36848 

0-26804 

2-6 

1-36120 

0-60523 

0-60420 

4-6 

2-10163 

0-36130 

0-26067 

2-7 

1-41070 

0-58457 

0-66612 

4-7 

2-12941 

0-36442 

0-25363 

2-8 

1-45829 

0-66539 

0-63269 

4-8 

2-16661 

0-34781 

0-24686 

2-9 

1-60410 

0-64764 

0-50286 

4-9 

2-18325 

0-34145 

0-24055 





6-0 

2-20935 

0-33534 

0-23466 





5-6 

2-33257 

0-30793 

0-20871 





6-0 

2-44620 

0-28484 

0*18812 


Xl = 0-77368; « = 0-02460. 


Computation of £Iq{wq, w, t) 

Wifi. Neglecting ionization loss, the numbers of electrons or photons 
with energies exceeding w produced by a primary of energy tOo imder 
a layer of thickness ? cascade units is given by the following complex 
integral; 

0 = 7^- f J_{S£R(g)6-‘>‘W5+ dg. (1) 

Mn J \wJ g—1 

The above integral can be evaluated by the saddle-point method in 
the following way. 
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The coefficients 9M and 91 have to be chosen according to whether the 
cascade is initiated by an electron or a photon and also according to 
whether one wants to calculate the number of photons or electrons. 
The choice of the 501 and 5ft in the corresponding four cases is as follows: 



Cascade produced by 


Electron 

Photon 

jQo is to represent 



m 


numbers of— 

D-Oi 

Electrons . 

^ 

© 

-© 


Cla Qj 

<l2 Qi 

CI 2 Cli 

Q2~“(Ii 

Photons . 

g 


da — ^ 

ID—di 


O 2 (^1 


CI 2 Oi 

dg di 


Qo and $ can be represented as functions of an independent para¬ 
meter p. Neglecting terms arising from the exponential exp(-apr) we 
get the following set of formulae: 




w 


(2) 


logio^io = {0-l-|jlog,o^«-f 

+ {logioWi-| (log,®i)'+ilog,o|-|j_o.399lj -ilogi„(oi S7«"), (3) 


aiS'VaJ = log,o^o+/(log,„a,t)'^ 

with 

“i = flilogioe > 

-(Ioge501)"j, 

(4) 

m = 1 

0-1 1 


(5) 

0-3991 = logicV(2v) ' 



677. In order to compute a family of cascade curves it is convenient 
to use the following expressions 

l0g„O,K.»; £) = 

(6) 


(7) 


The coefficients B, Q are the functions of g appearing inside the 
curly buckets m equations (2), (3), (4) respectively. Por the ease of 

tCn "ffl electrons arising from electron primaries 

tnese coefficients are collected in Table 2. 
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For sake of clarity we give an example: 

We want to compute the number of secondaries with energies ex¬ 
ceeding 200 MEV. produced by a primary of 10® MEV. at a depth of 
about 10 cascade units. 

Table 2 


V 

1-2 

1-4 

1-6 

1-8 

2-0 

2-2 

2-4 

2-6 

2-8 

3-0 

A ^ 

0-441 

0-708 

0-875 

0-969 

1-000 

0-967 

0-861 

0-662 

0-350 

-0-103 

-B == 

1-084 

1-073 

1-065 

1-056 

1-042 

1-004 

0-926 

0-793 

0-591 

0-312 


0-667 

0-452 

0-456 

0-508 

0-571 

0-619 

0-640 

0-639 

0-619 

0-586 

-dogio^O' - 

2-151 

1-151 

0-852 

0-726 

0-673 

0-653 

0-647 

0-646 

0-642 

0-633 

al - 

4-104 

1-586 

0-908 

0-603 

0-430 

0-318 

0-240 

0-183 

0-141 

0-109 


Table 3 


?) 


ai(t)) 


a ,~® 
logio- —- 

Inc - ® 

101 ® 

loir ® 1 


lOgio . 

tta-Oi 




1-1 

- 3-78671 

- 1-64455 

4-71243 

- 0-27037 

- 0-33402 

- 0-78294 

0-17855 

1-00000 

1-2 

- 2-27879 

- 0-98907 

3-33868 

- 0-26489 

- 0-34045 

- 0-64203 

0-03669 

0-69897 

1-3 

- 1-56826 

- 0-68109 

2-74819 

- 0-26555 

- 0-33967 

- 0-56301 

- 0-04221 

0-62288 

1-4 

- 1-12501 

- 0-48359 

2-41355 

- 0-27037 

- 0-33402 

- 0-50912 

- 0-09527 

0-39694 

1-5 

- 0-81201 

- 0-35265 

2-19975 

- 0-27860 

- 0-32468 

- 0-46897 

- 0-13431 

0-30103 

1-6 

- 0-57503 

- 0-24973 

2-05408 

- 0-28989 

- 0-31246 

- 0-43761 

- 0-16476 

0-22186 

1-7 

- 0-38751 

- 0-10829 

1-95119 

- 0-30407 

- 0-29801 

- 0-41251 

- 0-18967 

0-15480 

1-8 

- 0-23400 

- 0-10191 

1-87722 

- 0-32106 

- 0-28188 

- 0-39227 

- 0-21068 

0-09691 

1-9 

- 0-10745 

- 0-04607 

1-82391 

- 0-34082 

- 0-26458 

- 0-37604 

- 0-22936 

0-04576 

2-0 

0-00000 

0-00000 

1-78598 

- 0-36332 

- 0-24657 

- 0-30332 

- 0-24657 

0-00000 

2-1 

0-00175 

0-03985 

1-75990 

- 0-38849 

- 0-22820 

- 0-35377 

- 0-26299 

- 0-04139 

2-2 

0-17068 

0-07413 

1*74319 

- 0-41028 

- 0-21004 

- 0-84710 

- 0-27916 

- 0-07918 

2-3 

0-23898 

0-10379 

1-73405 

1 - 0-44055 

- 0-10222 

- 0-34332 

- 0-29646 

- 0-11394 

2-4 

0-29832 

1 0-12950 

1-73110 

- 0-47910 

- 0-17508 

- 0-34207 

- 0-31210 

- 0-14613 

2-5 

0-35001 

0-15201 

1-73328 

- 0-51388 

- 0-15882 

- 0-34325 

- 0-32945 

- 0-17609 

2-6 

0-39515 

0*17161 

1-73973 

- 0-55049 

- 0-14359 

- 0-34067 

- 0-34741 

- 0-20412 

2-7 

0-43463 

0-18876 

1-74975 

- 0-58871 

- 0-12948 

- 0-35213 

- 0-36600 

- 0-23046 

2-8 

0-46923 

0-20378 

1-76274 

- 0-62825 

- 0-11655 

- 0-35942 

- 0-38538 

- 0-25527 

2-9 

0-49958 

0-21697 

1-77819 

- 0-06884 

- 0-10478 

- 0-36833 

- 0-40529 

- 0-27876 

30 

0-52020 

0-22855 

1-79570 

- 0-71018 

- 0-09415 

- 0-37802 

- 0-42571 

- 0-30103 

3-1 

0-54974 

0-23875 

1-81488 

- 0-75201 

- 0-08400 

- 0-39000 

- 0-44052 

- 0-32222 

3-2 

0-57045 

0-24775 

1-83542 

- 0-79410 

- 0-07000 

- 0-40255 

- 0-40762 

- 0-34242 

3-3 

0-58875 

0-26569 

1-85705 

- 0-83623 

- 0-06844 

- 0-41579 

- 0-48888 

- 0-36173 

3-4 

0-60496 

0-26273 

1-87955 

- 0-87821 

- 0-00107 

- 0-42966 

- 0-51022 

- 0-38021 

3-5 

0-61934 

0-26898 

1-90272 

- 0-91039 

- 0-05504 

- 0-44400 

- 0-53154 

- 0-39794 

3-6 

0-63214 

0-27453 

1-92040 

- 0-96114 

- 0-05030 

- 0-45869 

- 0-55276 

- 0-41497 

3-7 

0-64355 

0-27949 

1-95044 

-]-00186 

- 0-04555 

- 0-47301 

- 0-57379 

- 0-43136 

3-8 

0-65374 

0-28392 

1-97473 

- 1-04196 

- 0-04134 

- 0-48868 

- 0-59461 

- 0-44716 

3-0 

0-66288 

0-28789 

1-99917 

- 1-08138 

- 0-03759 

- 0-50381 

- 0-61516 

- 0-46240 

4-0 

0-67109 

0-29145 

2-02308 

- 1-12008 

- 0-03425 

- 0-51894 

- 0-63640 

- 0-47712 


We have logio(^y^) “ 2-70. 

Thus for i) ^ 2*6 (which gives the nearest approximation for the desired 

C value), ^ (2-70-0-646)/0-183 = 11-2 

and 

logioQo(2-10S,200; 11-2) 

= 2-70xO'662-0-793—|logio(2-70—0-639) = 0-84. 
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Table 4 


9 

da-i 

da-i 


ilOE “«-® 

93 


1 

aloge ” 

ag—Oi 


eZloge 

O2—Oi 

ttioge- ■ ■ 





9-1 

1-1 

24-99121 

10-8636 

0-23330 

- 0-27012 

4-77142 

- 4-80824 

- 10-00000 

1-2 

9-46012 

4-1041 

0-04331 

—0 06164 

2-28691 

- 2-29414 

- 6-00000 

1-3 

6-41133 

2-3501 

- 0-06728 

0-07980 

1-46469 

- 1-45207 

- 3-33333 

1-4 

3-66272 

1-6863 

- 0-16210 

0-17611 

1-05636 

- 1-03235 

- 2-60000 

1*5 

2-69080 

1-1686 

- 0-22560 

0-25086 

0-81044 

- 0-78619 

- 2-00000 

1*6 

2-09093 

0-9081 

- 0-29366 

0-30932 

0-64297 

- 0-62731 

- 1-66667 

1-7 

1-68317 

0-7310 

- 0-35908 

0-36411 

0-61796 

- 0-52293 

- 1-42867 

1-8 

1-38843 

0-6030 

- 0-42324 

0-38672 

0-41746 

- 0-45398 

- 1-26000 

1*9 

1-16634 

0-6061 

- 0-48660 

0-40826 

0-33178 

- 0-41013 

- 1-11111 

2-0 

0-99038 

0-4300 

- 0-64908 

0-41965 

0-26639 

- 0-38482 

- 1-00000 

2-1 

0-84930 

0-3689 

- 0-61014 

0-42189 

0-18621 

- 0-37346 

- 0-90909 

2-2 

0-73306 

0-3184 

- 0*66898 

0-41607 

0-11963 

- 0-37263 

- 0-83333 

2-3 

0-63670 

0-2761 

- 0-72460 

0-40343 

0-06796 

- 0-37914 

- 0-76923 

2-4 

0-66314 

0-2402 

- 0-77599 

0-38628 

0-00013 

- 0-39084 

- 0-71429 

2-6 

0-48252 

0-2096 

- 0-82222 

0-36301 

- 0-06365 

- 0-40666 

- 0-66667 

2-6 

0-42174 

0-1832 

- 0-86252 

0-33796 

- 0-10303 

- 0-42163 

- 0-62600 

2*7 

0-36922 

0-1604 

- 0-89640 

0-31137 

- 0-14766 

- 0-43737 

- 0-68824 

2-8 

0-32374 

0-1406 

- 0-92363 

0-28431 

- 0-18730 

- 0-45202 

- 0-66666 

2-9 

0-28430 

0-1236 

- 0-94427 

0-26766 

- 0-22187 

- 0-46475 

- 0-52632 

3-0 

0-26006 

0-1086 

- 0-95860 

0-23207 

- 0-25143 

- 0-47611 

- 0-60000 

3*1 

0-22033 

0-0957 

- 0-96709 

0-20800 

- 0-27620 

- 0-48290 

- 0-47619 

3-2 

0-19450 

0-0846 

- 0-97034 

0-18673 

- 0-29660 

- 0-48811 

- 0-46466 

3-3 

0-17206 

0-0747 

- 0-96899 

0-16640 

- 0-31272 

- 0-49087 

- 0-43478 

3-4 

0-16262 

0-0662 

- 0-96373 

0-14703 

- 0-32531 

- 0*49139 

- 0-41667 

3-6 

0-13652 

0-0589 

- 0-96620 

0-13057 

- 0-33470 

- 0-48992 

- 0-40000 

3*6 

0-12070 

0-0524 

- 0-94400 

0-11691 

- 0-34134 

- 0-48676 

- 0-38462 

3*7 

0-10776 

0-0468 

- 0-93070 

0-10292 

- 0-34663 

- 0-48216 

- 0-37037 

3-8 

0-09646 

0-0419 

- 0-91676 

0-09145 

- 0-34794 

- 0-47637 

- 0-36714 

3-9 

0-08656 

0-0376 

- 0-89961 

0-08133 

- 0-34861 

- 0-46967 

- 0-34483 

4-0 

0-07786 

0-0333 

- 0-88260 

0-07243 

- 0-34793 

- 0-46224 

- 0*33333 


So as to facilitate more detailed computation the values of cii(p), 
log 9 K( 9 ), their first and second derivatives are collected 

in Tables 3, 4, and 5. The values of 9Jl and SR are given for the 
four cases of electron or photon primaries and electron or photon 
descendants. 

For the sake of clarity we give an example: 

Determine the average number of electrons with energies exceeding 
w = 1,000 MEV. produced by a photon of energy Wq — 10® MEV. at 
a depth of ^ ~ 20 cascade units. 
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Table 6 


9 


^ lor.®"?' 

d* , a,-® 
— lOgfl-—- 
uQ <Xa””Clx 



1 





( 9 - 1 )® 

1-1 

- 366-66178 

- 2-88232 

3-20124 

- 49-84716 

50-16607 

100-00000 

1*2 

- 66-38833 

- 1-33872 

1-68825 

- 12-36638 

12-61491 

25-00000 

1-3 

- 24-67576 

- 0-93984 

1-10299 

- 6-46180 

6-61496 

11-11111 

1*4 

- 12-47692 

- 0-77773 

0-84267 

- 3-06133 

3-12627 

6-26000 

1-6 

- 7-40036 

- 0-70135 

0-66033 

- 1-98291 

1-94189 

4-00000 

1-6 

- 4-86785 

- 0-66423 

0-61316 

- 1-42246 

1-27138 

2-77778 

1-7 

- 3-42178 

- 0-64649 

0-38498 

- 1-10640 

0-84490 

2-04082 

1-8 

- 2-63904 

- 0-63733 

0-26911 

- 0-91900 

0-66079 

1-66260 

1-9 

- 1-96063 

- 0-62977 

0-16306 

- 0-80360 

0-33687 

1-23467 

2-0 

- 1-66177 

- 0-61887 

0-06646 

- 0-72914 

0-17673 

1-00000 

21 

- 1-27460 

- 0-60104 

- 0-01981 

- 0-67706 

0-06621 

0-82646 

2-2 

- 1-06993 

- 0-67401 

- 0-09446 

- 0-63670 

- 0-03277 

0-69444 

2-3 

- 0-89398 

- 0-63676 

- 0-16624 

- 0-69768 

- 0-09631 

0 - S 9172 

2-4 

- 0*76187 

- 0-48962 

- 0-20437 

- 0-66863 

- 0-13626 

0-61020 

2'6 

- 0-66402 

- 0-43369 

- 0-23878 

- 0-61640 

- 0-16607 

0-44444 

2-6 

- 0-66417 

- 0-37150 

- 0-26016 

- 0-47061 

- 0-16114 

0-39063 

2-7 

- 0-48816 

- 0-30669 

- 0-26988 

- 0-42162 

- 0-16394 

0-34602 

2-8 

- 0-42316 

- 0-23906 

- 0-26985 

- 0-37106 

- 0-13784 

0-30864 

2*9 

- 0-36716 

- 0-17420 

- 0-26216 

- 0-32041 

- 0-11694 

0-27778 

3-0 

- 0-31877 

- 0*11322 

- 0-24980 

- 0-27121 

- 0-09091 

0-26000 

3-1 

- 0-27687 

- 0-06764 

- 0-23202 

- 0-22474 

- 0-06492 

0-22676 

3-2 

- 0-24068 

- 0-00838 

- 0-21311 

- 0-18192 

- 0-03958 

0-20661 

3*3 

- 0-20918 

0-03417 

- 0-19346 

- 0-14331 

- 0-01598 

0-18904 

3-4 

- 0-18202 

0-07006 

- 0-17400 

- 0-10916 

0-00621 

0-17361 

3-6 

- 0-16866 

0-09959 

- 0-16538 

- 0-07946 

0-02367 

0-16000 

3*6 

- 0*13831 

0-12335 

- 0-13800 

- 0-06399 

0-03933 

0-14793 

3-7 

- 0-12083 

0-14194 

- 0-12208 

- 0-03242 

0-06229 

0-13717 

3*8 

- 0-10575 

0-15606 

- 0-10769 

-001439 

0-06276 

0-12766 

3-9 

- 0-09273 

0-16635 

- 0-09482 

0-00063 

0-07100 

0-11891 

4-0 

- 0-08148 

0-17344 

- 0-08341 

0-01276 

0-07728 

0-11111 


We have to chose the value of g as follows: 


log,o^° = 5, 

thus the first term in (2) is dominant and we require 

5 


^ = 20 . 


aid))’ 


thus ai 0-25. 

From Table 4 we obtain as the nearest entry: 

9 = 2-4, a'l = 0-240, and oi = 0-563. 
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For primary photons and secondary electrons we have, according to 
§ 676, SR = 58/(02— ^i)) thus for t) = 2-4 from Table 4 

(logeli)' = 0-000-0-714 = -0-714. 

Thm from (2) £ = = 19-5- 


If this value is a good enough approximation one may proceed, other¬ 
wise it is necessary to work with both the entries ^ = 2*4 and 2*5 and 
interpolate in the end. 

Next we insert into (4) from Tables 4 and 5 ; we find 

al = -0*762 and (log, SOI)" = -0*559+0*510 = -0*049, 

oiS'VoJ = 5+j-0-434.0-714-^j|^.0-049j = 4-71. 


Turther, from Table 3, we find 


Ui = 0*298, tti = 0*130, logioTO = -0*342-0*146 - -0*488, 
and therefore 


logic 




1*4 


0*298| 

0*553/'’" 


-0*488 


0*130 

‘*‘0*553 


0*714+ 


Thus 


^^§10 ^0 



+ilogio 


0*240 

0*762 


= 10 ^ C == 19*5 


-0*399|—Jlogio4*71 -- 2*90. 
2*90 (primary photons). 


The numbers of electrons (Qq) and photons (*jPo) given rise to by 
electron or photon primaries have been evaluated in a slightly more 
elaborate way.f For small thicknesses of absorber the second ex¬ 
ponential in (1) cannot be entirely neglected. To take care of the effect 
of this term the expressions were first computed in the usual way 
without the second exponential and then multiplied by a factor 


1 


m 


(9 = t)o)- 


In this way the effect of the second exponential is taken care of in 
a first approximation. The results are collected in Tables 6 and 7; see 
also Figs. 128 and 129. 


•j* I am greatly indebted to Mrs. L. Jdnossy for checking Tables 3-5 and for computing 
the Tables 6, 6a, and 7; and to Mr. H. Messel for computing Tables 66 and la. 




Fie. 128. Average number of electrons of energy greater than w produced by an electron of energy «j„ (approximation A). 
The value of e = logu— is attached to each curve. ? depth in cascade units. 
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Table 6 

Electrons j^roduced by Electrons 

logic 0 e = logioKH 
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0-2 

0-4 

0-6 

0-8 

1-0 

1-2 

1 - 4 
1*6 
1-8 

2 - 0 

2-2 

2*4 

2-6 

2-8 

3*0 

3-2 

3*4 

3-6 

3 - 8 

4 - 0 

4-2 

4-4 

4 - 6 
4*8 

5 - 0 

55 

6 - 0 

6 - 5 

7 - 0 

7 - 5 

8 - 0 
8*5 
9-0 
9-6 

100 

120 

14-0 

16-0 

18-0 

20-0 

25-0 

30-0 

35*0 

40*0 

45*0 

50*0 

60-0 

70*0 

80-0 

90*0 


Table 6 {continued) 
Electrons produced by Electrons 


logio^oK.^; 1) ^ = logioKM 



€ = 6-0 

7-0 

8-0 

9-0 



1-033 

1-263 

1-470 

1-669 

1-832 

1- 993 

2- 143 

2-283 

2-416 

2-542 

2-660 

2-771 

2-876 

2- 977 

3- 071 
3-161 
3-246 

3-327 

3-404 

3-477 

3-547 

3-613 

3-765 

3- 899 

4- 017 
4-120 
4-211 

4-289 

4-356 

4-414 

4-462 

4-601 

4-686 

4-673 

4-485 

4-338 

4-144 

3-498 

2-688 

1-764 

0-757 

-0-316 

-1-439 

-3-805 

0-166 

0-537 

0-861 

1-142 

1-393 

1-621 

1- 831 

2- 023 
2-201 
2-369 

2-628 

2-678 

2-820 

2- 963 

3- 080 

3-201 

3-318 

3-427 

3-532 

3-633 

3-728 

3-819 

3-907 

3- 991 

4- 071 

4-258 

4-425 

4-576 

4-711 

4-833 

4- 942 

5- 040 
5-126 
5-202 
5-270 

5-460 

5-544 

5-546 

5- 479 

6- 359 

4-875 

4-201 

3-394 

2-487 

1-605 

0-463 

-1-762 

0-250 

0-603 

0-942 

1-241 

1-511 

1-757 

1- 983 

2- 192 
2-388 
2-573 

2- 749 
2-912 

3- 068 
3-218 
3-369 

3-494 

3-624 

3-747 

3-865 

3- 980 

4- 088 
4-193 
4-294 
4-390 
4-484 

4-700 

4- 899 

5- 078 
5-242 
5-393 

5-529 

5-653 

5-767 

5-869 

5- 962 

6- 249 
6-423 
6-508 
6-519 
6-470 

6-144 

5-603 

4-910 

4-104 

3-210 

2-248 

0-164 

-2-080 

0-331 

0-675 

1-019 

1- 333 
1-618 

1-881 

2- 125 
2-348 
2-559 
2-760 

2- 948 

3- 126 
3-297 
3-458 
3-612 

3-763 

3- 902 

4- 039 
4-170 
4-295 

4-417 

4-533 

4-646 

4-753 

4- 858 

5- 103 
5-329 
5-536 
5-726 

5- 901 

6- 063 
6-213 
6-351 
6-477 
6-593 

6- 970 

7- 227 
7-390 
7-474 
7-494 

7-320 

6-909 

6-329 

5-622 

4-817 

3-934 

1-989 

-0-136 

-2-395 



10-0 


1-088 

1-422 

1-721 

1- 995 

2- 252 

2-495 

2-717 

2- 930 

3133 

3- 323 

3-607 

3-680 

3- 847 

4- 007 

4-160 

4-309 

4-460 

4-589 

4-718 

4-847 

4- 969 

5- 089 

5-203 

5-475 

5-726 

5- 957 

6- 171 

6-370 


6-565 

6-727 

6- 887 

7- 036 

7-174 

7-634 

7- 970 

8- 207 

8-360 

8-444 

8-417 

8-133 

7-664 

7-055 

6-337 

5-533 

3-727 

1-719 

-0-437 

-2-707 
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Table 6 a 


First-order correction for ionization loss is obtained by replacing 


? 

€ = 1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

1 

— 

51 

43 

37 

33 

32 


28 

27 

26 

2 

— 

67 

55 

48 

43 

40 

37 

36 

33 

32 

3 

98 

77 

65 

67 

61 

47 

43 

41 

39 

37 

4 

101 

86 

72 

63 

67 

62 

49 

46 

43 

41 

6 

_ 

92 

78 

69 

62 

67 

63 

60 

47 

46 

6 

— 

96 

84 

74 

67 

62 

67 

63 

61 

48 

7 

— 

100 

88 

79 

71 

65 

61 

67 

64 

62 

8 

— 

102 

92 

83 

76 

69 

64 


67 

54 

9 

— 

105 

95 

86 

79 

72 

67 

63 

60 

67 

10 

_ 

107 

97 

89 

82 

76 

71 

66 

63 

60 

12 

— 

109 

101 

94 

87 

81 

76 

71 

68 

66 

14 

— 

— 

105 

98 

91 

86 

80 

76 

72 

69 

16 

— 

— 

108 

101 

96 

89 

86 

80 

76 

73 

18 

— 

— 

110 

104 

98 

92 

88 

83 

79 

76 

20 


_ 

112 

106 

100 

96 ' 

90 

87 

83 

79 

25 

— 

— 

— 

111 

106 

101 

mam 

93 

89 

86 

30 

— 

— 

— 

114 

109 

106 

HI 

97 

94 

91 

35 

— 

— 

— 

— 

112 

108 

HI 



96 

40 

— 

— 

— 

—■ 

114 

111 

■■ 

104 


98 

60 

_ 

_ 

_ 

_ 

_ 

115 

112 




60 

— 

— 

— 

— 

— 

— 

114 

112 

110 

108 

70 

— 

— 

— 

— 

— 

— 

— 

— 

112 

111 

80 

— 

— 

— 

— 

— 

— 

— 

— 

116 

113 


n d 


369S.40 
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Table 6 6 . Electrons produced by Photons 
logio CloK» ^e = logioK/^) 


K. 

A 

11 

>-• 

6 

2-0 

3-0 

4-0 

6*0 

0-1 

0-2 

0-3 

0*4 

0-5 

— 

Mill 

-0-079 

— 

— 

0*6 

— 

— 

0-039 

— 

— 

0-7 

— 

— 

0*146 

0-263 

— * 

0-8 

— 


0-243 

0-376 

— 

0*9 

— 

0-141 

0-332 

0-480 

— 

10 

— 

0-202 

0-414 

0-679 

0-718 

M 

— 

0-258 

0-490 

0*672 

0-825 

1-2 

— 

0-309 

0-661 

0-769 

0-924 

1-3 

— 

0-366 

0-628 

0*841 

1-020 

1-4 

-0-028 

0-399 

0-691 

0-920 

1-112 

1-6 

-0-016 

0-439 

0-761 

0-996 

1-198 

1*6 

-0-006 

0-477 

0-807 

1-066 

1-283 

1*7 

0-003 

0-611 

0-860 

1-133 

1-362 

1-8 

0-009 

0-643 

0*910 

1-199 

1-440 

1*9 

0-012 

0-672 

0-958 

1-260 

1-613 

2-0 

0-014 

0-699 

i 1-003 

1-320 

1-684 

2*2 

0-012 

0-648 

1-087 

1*431 

1-719 

2*4 

0-006 

0-689 

1-164 

1-634 

1-844 

2-6 

-0*008 

0-724 

1-232 

1*630 

1-962 

2*8 

— 0'026 

0-764 

1-296 

1-719 

2-072 

3-0 

-0-045 

0-778 

1-361 

1*801 

2-176 

3-2 

-0-069 

0-798 

1-403 

1-877 

2-272 

3-4 

-0-097 

0-813 

1-449 

1-948 

2-363 

3-6 

-0-126 

0-826 

1-491 

2-013 

2-449 

3-8 

-0-168 

0-833 

1-529 

2-076 

2-630 

40 

-0-191 

0-837 

1-662 

2-131 

2-606 

4-2 

-0-227 

0-839 

1-693 

2*184 

2-678 

4*4 

-0-263 

0*838 

1-619 

2-234 

2-746 

4-6 

-0-301 

0-835 

1-643 

2-279 

2-810 

4*8 

-0-341 

0-828 

1-663 

2*321 

2-871 

5*0 

-0-381 

0-820 

1*681 

2-361 

2-928 

6-5 

-0-486 

0-791 

1-714 

2-446 

3-067 

6-0 

-0-697 

0-760 

1-733 

2-616 

3-168 

6-5 

-0-711 

0*701 

1-740 

2-669 

3-264 

7-0 

-0-828 

0-643 

1-735 

2-610 

3-345 

7-5 

-0-948 

0-578 

1-721 

2-640 

3-413 

8-0 

-1-070 

0-607 

1-698 

2-660 

3-471 

8-5 

- 1-195 

0-431 

1-667 

2-670 

3-617 

9-0 

-1-321 

0-361 

1-630 

2-671 

3-564 

9-6 

-1-449 

0-266 

1-686 

2-666 

3-682 

10-0 

-1-679 

0-177 

1*636 

2-662 

3-602 

120 

-2*110 

-0-208 

1-291 

2-639 

3-612 

14*0 

-2-666 

-0-631 

0-988 

2-361 

3-632 

16-0 

— 

-1-081 

0-641 

2-106 

3-384 

18*0 

— 

-1-662 

0-262 

1*816 

3-181 

20-0 

— 

-2-039 

-0*143 

1-492 

2-936 

25-0 

— 

— 

-1-239 

0-667 

2-180 

30-0 

— 

— 

-2-422 

-0-474 

1-279 

36-0 

— 

— 

— 

-1-695 

0-277 
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Table 6 b {continued) 


Electrons produced by Photons 
logio QoK. w’; 0 «== logioK/^) 


l 

€= 6-0 

7-0 

8-0 

9-0 

10*0 

0-2 

0-4 

-0-055 

— 

— 

— 

— 

0-6 

0-288 

0-369 

0-418 

— 

— 

0-8 

0-583 

0-672 

0-750 

0-826 

0-896 

1-0 

0-841 

0-950 

1-047 

1*137 

1-226 

1*2 

1-071 

1-201 

1-317 

1*423 

1-626 

1-4 

1-280 

1-429 

1-665 

1*687 

1*800 

1-6 

1-472 

1-639 

1-791 

1-932 

2'059 

1-8 

1-649 

1-835 

2-003 

2-167 

2*302 

2-0 

1-815 

2-018 

2-203 

2-371 

2-627 

2-2 

1-969 

2-190 

2-392 

2-676 

2*744 

2-4 

2-113 

2-362 

2-667 

2*764 

2-947 

2*6 

2-249 

2-504 

2*734 

2-945 

3*140 

2-8 

2-377 

2-648 

2-894 

3-119 

3*326 

3-0 

2-498 

2-785 

3-046 

3-282 

3*601 

3*2 

2-613 

2-916 

3-189 

3-440 

3*672 

3-4 

2-723 

3-040 

3-328 

3-690 

3-832 

3-6 

2-825 

3-158 

3-469 

3-734 

3-988 

3*8 

2-923 

3-271 

3*585 

3-873 

4*137 

4-0 

3-016 

3-380 

3*707 

4*005 

4-282 

4-2 

3-105 

3-482 

3-822 

4*134 

1 4*421 

4*4 

3-189 

3-581 

3-934 

4-266 

4*664 

4*6 

3-269 

3-676 

4*042 

4-376 

4*684 

4-8 

3-345 

3-765 

4*144 

4-490 ' 

4*809 

6-0 

3-418 

3-852 

4-244 

4-600 

4-930 

5-5 

3-586 

4-054 

4-475 

4*860 

5-217 

60 

3-734 

4-235 

4-687 1 

5-099 

6-479 

6-5 

3-865 

4-399 

4-879 

6-319 

6-723 

7-0 

3-982 

4-546 

5-055 

6*520 

6-949 

7-5 

4-084 

4-680 

6-217 

5-707 

6-169 

80 

4-175 

4-800 

6-364 

5-879 

6-364 

8-5 

4-254 

4-908 

6-499 

6-039 

6-636 

9-0 

4-323 

5-006 

6-622 

6-186 

6*706 

9-6 

4-381 

5-092 

5-736 

6-321 

6-863 

10-0 

4-431 

5-169 

6-837 

6-446 

7-010 

12-0 

4-554 

6-396 

6-158 

6-866 

7-602 

140 

4-576 

5-512 

6-363 

7*144 

7*866 

16-0 

4-519 

5-543 

6-475 

7-334 

8-129 

18-0 

4-401 

5-504 

6-613 

7-442 

8-306 

20-0 

4-232 

5-409 

6-488 

7-486 

8-412 

25-0 

3-642 

4-980 

6-216 

7-363 

8*436 

30-0 

2-878 

4-351 

6-719 

6-996 

8*194 

35-0 

1-093 

3-582 

6-064 

6-464 

7*762 

40-0 

1-019 

2-709 

4-292 

6-780 

7*186 

46-0 

-0-024 

1-767 

3-428 

6-006 

6*498 

60-0 

-1-122 

0-740 

2-492 

4-148 

6*720 

60-0 

_ 

-1-440 

0-462 

2-248 

3*968 

70-0 

_ 

— 

-1-764 

0*160 

1*988 

80*0 

_ 

_ 

— 

-2-066 

-0-134 

90-0 

— 


— 

— 

-2*376 
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Table 7 {continued) 

Photons produced by Electrons 


logic ^o{Wo, 6 = logio(wo/«’) 


£ 

e = 60 

7-0 

8-0 

9-0 

10-0 

0-2 

_ 

0-434 

0-628 

0-766 

0-867 

0-4 

— 

0-869 

1-011 

1-118 

1*203 

0-6 

1-166 

1-211 

1-334 

1-442 

1-639 

0-8 

1-369 

1-493 

1-615 

1-731 

1*843 

1-0 

1-571 

1-730 

1-867 

1-994 

2-116 

1-2 

1-756 

1-934 

2-095 

2-237 

2-369 

1-4 

1-926 

2-124 

2-301 

2-461 

2-608 

1-6 

2083 

2-300 

2-492 

2-667 

2-830 

1*8 

2-231 

2-464 

2-673 

2-863 

3-038 

2-0 

2-369 

2-619 

2-844 

3-061 

3-239 

2*2 

2-498 

2-766 

3-006 

3-224 

3-426 

2-4 

2-621 

2-906 

3-169 

3-392 

3-606 

2*6 

2-737 

3-037 

3-306 

3-562 

3-778 

2-8 

2-847 

3-161 

3-446 

3-703 

3-941 

3-0 

2-950 

3-280 

3-678 

3-860 

4-101 

3-2 

3-048 

3-396 

3-706 

3-990 

4-261 

3-4 

3-141 

3-603 

3-828 

4-123 

4-398 

3-6 

3-230 

3-606 

3-944 

4-264 

4-637 

3-8 

3-314 

3-706 

4-057 

4-377 

4-673 

4-0 

3-394 

3-800 

4-164 

4-497 

4-802 

4-2 

3-471 

3-890 

4-268 

4-611 

4-929 

4-4 

3-644 

3-977 

4-368 

4-723 

6-060 

4-6 

3-613 

4-061 

4-463 

4-830 

6-168 

4-8 

3-679 

4-140 

4-665 

4-933 

6-281 

6*0 

3-742 1 

4-217 

4-644 

6-033 

6-392 

5-5 

3-887 

4-394 

4-852 

6-269 

6-662 

6-0 

4-014 

4-655 

5-041 

5-484 

6-893 

6-5 

4-128 

4-699 

5-214 

5-683 

6-116 

7-0 

4-227 

4-830 

5-372 

5-867 

6-324 

7-5 

4-316 

4-947 

6-516 

6-038 

6-617 

8-0 

4-391 

5-053 

5-649 

0-194 

6-696 

8-5 

4-457 

5-147 

5-770 

6-338 

6-863 

9-0 

4-513 

5-231 

5-879 

6-471 

7-018 

9-5 

4-561 

5-306 

5-979 

6-594 

7-162 

10-0 

4-601 

6-373 

6-070 

6-708 

7-297 

12*0 

4-688 

5-661 

6-352 

7-076 

7-747 

14-0 

4-683 

5-648 

6-526 

7-331 

8-076 

16-0 

4-605 

6-665 

6-613 

7*494 

8-311 

18-0 

4-468 

5-597 

6-629 

7-580 

8-464 

20-0 

4-284 

5-485 

6-586 

7-604 

8-551 

25-0 

3-666 

5-024 

6-278 

7-444 

8-634 

30-0 

2-881 

4-372 

5-757 

7-051 

8-264 

350 

1-981 

3-587 

5-084 

6-488 

7-810 

40-0 

0-994 

2-700 

4-297 

5-798 

7-217 

450 

-0-058 

1-736 

3-420 

5-010 

6-616 

500 

-1-165 

0-710 

2-474 

4-142 

6-726 

600 

_ 

-1-484 

0-419 

2-226 

3-946 

700 

_ 

_ 

-1-800 

0-124 

1-962 

800 

__ 

_ _ _ 

_ _ 

-2-113 

-0-172 

900 

— 


— 

— 

-2*423 
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Table 7 a. Photons produced by Photons 
logio ; 0 e = logioK/M') 


t 

II 

6 

2-0 

3-0 

4-0 

6-0 

0-1 

— 

— 

—1 

— 

— 

0*2 

— 

— 

— 

— 

— 

0-3 

— 

— 

— 

— 

— .. .... 

0-4 

— 

— 

— 

— 

— 

0-6 

— 

— 

— 

— 

— 

0*6 

— 

_ 

_ 

— 

— 

0-7 

— 

— 

0-458 

0-647 

0-737 

0-8 

— 

— 

0*628 

0-721 

0-842 

0-9 

— 

— 

0-694 

0-794 

0-941 

1-0 

— 

— 

0-657 

0-864 

1-037 

1*1 

— 

0-437 

0-717 

0-940 

1-127 

1-2 

— 

0-474 

0-774 

1-013 

1-214 

1-3 

— 

0-608 

0-829 

1-084 

1-297 

1*4 

0-067 

0-641 

0-882 

1-162 

1-378 

1-5 

0-072 

0-572 

0-932 

1-216 

1-456 

1-6 

0-076 

0-602 

0-979 

1-279 

1-629 

1-7 

0-079 

0-629 

1-026 

1-339 

1-601 

1-8 

0-081 

0-666 

1*069 

1-396 

1-669 

1-9 

0-082 

0-679 

1-110 

1-461 

1-737 

2-0 

0-082 

0-702 

1-160 

1-604 

1-800 

2-2 

0-079 

0-743 

1-224 

1-604 

1-923 

2-4 

0-073 

0-779 

1*291 

1-698 

2-037 

2-6 

0-063 

0-810 

1-353 

1-785 

2-146 

2-8 

0-061 

0-836 

1-409 

1-866 

2-246 

3-0 

0-036 

0-868 

1*461 

1-940 

2-342 

3-2 

0-017 

0-877 

1-608 

2-010 

2-432 

3-4 

-0-003 1 

0-892 

1-550 

2-076 

2-517 

3*6 

-0-026 

0-904 

1-689 

2-137 

2-596 

3-8 

-0-060 

0-912 

1-624 

2-194 

2-672 

4-0 

-0-076 

0-918 

1-666 

2-247 

2-743 

4-2 

-0-104 

0-921 

1-686 

2-296 

2-810 

4-4 

-0-133 

0-922 

1*710 

2-343 

2-876 

4-6 

-0-164 

0-921 

1-733 

2-386 

2-936 

4-8 

-0-196 

0-917 

1-753 

2-426 

2-992 

6-0 

-0-229 

0-912 

1-770 

2-463 

3-046 

6-6 

-0-317 

0-889 

1-804 

2-644 

3-169 

6-0 

-0-411 

0-867 

1-826 

2-611 

3-275 

6-5 

-0-610 

0-816 

1-834 

2-664 

3-368 

7-0 

-0-613 

0-766 

1-833 

2-705 

3-446 

7-6 

-0-720 

0-710 

1-822 

2-735 

3-513 

8-0 

-0-830 

0-648 

1-804 

2-766 

3-569 

8-5 

-0-943 

0-580 

1-778 

2-768 

3-616 

9-0 

-1-069 

0-508 

1*745 

2-772 

3-662 

9-6 

-1-177 

0-431 

1-707 

2-769 

3-680 

10*0 

-1-297 

0-360 

1-663 

2-769 

3-702 

12*0 

-1-793 

-0-006 

1-439 

2-660 

3-719 

14-0 

-2-311 

-0-402 

1-167 

2-487 

3-649 

16-0 

-2-844 

-0-829 

0-831 

2-267 

3-513 

18-0 

— 

-1-280 

0-470 

1-984 

3-323 

20*0 

— 

-1-749 

0-082 

1-674 

3-090 

25-0 

— 

— 

-0-978 

0-783 

2-364 

30-0 

— 

— 

-2-129 

-0-228 

1-490 

35-0 

— 

— 

— 

-1-323 

0-512 

40-0 

45-0 


— 

— 

-2-482 

-0-543 





Table 7 a {continued) 
Photons prodmed by Photons 
logio ^oK. ^; t) € = logio(«Jo/^) 


407 


£ 

€= 6-0 

7-0 

8-0 

9-0 

10-0 

0-2 

0*4 

— 

— 

0-585 

— 

— 

0-6 

— 

— 

0-901 

0-972 

1-036 

0-8 

— 

— 

1-185 

1-276 

1-361 

1-0 

1-185 

1-319 

1-444 

1-663 

1-668 

1-2 

1-387 

1-642 

1-683 

1-809 

1-926 

1*4 

1-573 

1-748 

1-906 

2-050 

2-179 

1-6 

1-746 

1-939 

2-111 

2-271 

2-420 

1-8 

1-907 

2-117 

2-305 

2-479 

2-640 

20 

2-058 

2-285 

2-490 

2-679 

2-861 

2-2 

2-200 

2-443 

2-665 

2-866 

3-064 

2-4 

2-333 

2-694 

2-828 

3-043 

3-242 

2-6 

2-468 

2-736 

2-985 

3-215 

3-426 

2-8 

2-677 

2-870 

3-136 

3-376 

3-698 

30 

2-689 

2-998 

3-276 

3-630 

3-766 

3-2 

2-797 

3-121 

3-412 

3-680 

3-926 

3*4 

2-899 

3-237 

3-643 

3-821 

4-079 

3-6 

2-994 

3-348 

3-667 

3-959 

4-228 

3-8 

3-086 

3-465 

3-787 

4-089 

4-369 

4-0 

3-174 

3-556 

3-901 

4-216 

4-608 

4-2 

3-268 

3-653 

4-011 

4-338 

4-639 

4-4 

3-337 

3-747 

4-118 

4-455 

4-768 

4*6 

3-412 

3-836 

4-218 

4-669 

4-890 

4-8 

3-485 

3-922 

4-317 

4-677 

6-011 

5-0 

3-654 

4-005 

4-411 

4-784 

6-126 

5-5 

3-713 

4-196 

4-633 

6-032 

6-400 

6-0 

3-856 

4-371 

4-835 

6-260 

6-663 

6-6 

3-981 

4-627 

6021 

6-471 

6-889 

7-0 

4-093 

4-669 

6-190 

6-667 

6-107 

7-5 

4-192 

4-798 

6-345 

5-847 

6-310 

8-0 

4-280 

4-914 

6-488 

6-013 

6-499 

8-5 

4-367 

6-019 

6-619 

6-167 

6-675 

9-0 

4-424 

6-113 

5-739 

6-310 

6-839 

9-5 

4-482 

6-198 

6-847 

6-442 

6-992 

10-0 

4-631 

6-273 

6-947 

6-664 

7-136 

12-0 

4-656 

5-497 

6-262 

6-966 

7-616 

14*0 

4-683 

5-616 

6-466 

7-248 

7-973 

16-0 

4-635 

6-661 

6-580 

7-437 

8-233 

18-0 

4-525 

6-619 

6-622 

7-648 

8-410 

20-0 

4-367 

5-531 

6-602 

7-593 

8-618 

25-0 

3-802 

5-123 

6-345 

7-484 

8-660 

30-0 

3-063 

4-516 

5-809 

7-133 

8-323 

360 

2-201 

3-768 

6-233 

6-608 

7-906 

40-0 

1-248 

2-915 

4-478 

6-961 

7-344 

45-0 

0-223 

1-980 

3-632 

6-192 

6-671 

60*0 

-0-867 

0-980 

2-711 

4-350 

6-908 

60-0 

_ 

-1-170 

0-701 

2-478 

4-173 

70-0 

_ 

— 

-1-480 

0-416 

2-227 

80-0 

_ 

— 

— 

-1-789 

0-126 

90-0 

— 

— 

— 

— 

-2-097 
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APPENDIX II 


[App.II 


Cascade Theory including Ionization Loss 

678. From £iq, the numbers of electrons which would arise without 

ionization loss, the actual number of electrons can be calculated in a 
first approximation by replacing w by (Bhabha and Chakra- 

barty (1943), see § 392). The values of lQ0g{l,w) are collected in Table 
6 a. Similar corrections could be made for the number of photons 
given in Table 7; however, the approximations thus obtained for the 
number of photons of low energy would not be very reliable, because 
the number of photons of low energy is in any case very poorly repre¬ 
sented by the above theory which uses cross-sections corresponding to 
full screening. 

Low energy photons of a few ME V. are in fact much more penetrating 
than those of higher energies (Schonberg and Occhialini (1942)). Calcu¬ 
lations of the numbers of low energy photons have been carried out by 
Dallaporta and Clementel (1946) and also by Greisen (1949). 

Tables for Computation of Extensive Air Showers 

679. In Chapter VIII we introduced a function 

F{x) = a{y)x-y. (8) 

The function F is connected with the density distribution of an exten¬ 
sive air shower at the depth where 

A few nmnerioal values are collected in Table 8. 


Table 8 

iogio®(y) 


Y = 

1-4 

1-2 

1-0 

0-8 

0-6 

0-4 

0-2 

S= 10 

8-90 

6-85 

4-11 

2-93 

2-02 

1-12 


16 

13-44 

8-87 

6-26 

4-62 

3-22 

204 

0-34 

20 

— 

11-88 

8-41 

6-12 

4-42 

2-96 

1-04 

26 

— 

— 

10-66 

7-71 

6-62 

3-87 

1-76 

30 


— 

12-71 

9-30 

6-82 

4-79 

2-46 


logio o(y) 


S = 10 

0-82 

-0-48 

-1-36 

16 

1-98 

-0-06 

-1-45 

20 

— 

0-39 

-1-51 

26 

— 

0-86 

-1-56 

30 

— 


-1-60 


-1-99 

-2-45 


-3-10 

-2-44 

-3-17 


-4-13 

-2-88 

-3-87 


-6-16 

-3-29 

-4-56 

-6-49 

-6-20 

-3-70 

-6-24 

-6*38 

-7-23 
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Table 8 {continued) 


-logic [^(a!)] 


y = 

1-4 

1-2 

1-0 

0-8 

0-6 

0-4 

0*2 

X =1 

^ = 10 

11-64 

7-50 

5-47 

4-33 

3-66 

3-26 

— 

2-03 

15 

16-84 

10-70 

7-71 

6-06 

5-10 

4-63 

4-20 

4-17 

20 


13-87 

9-92 

7-78 

6-52 

6-78 

6-38 

6-31 

26 

_ 

_ 

12-12 

9-46 

7-93 

7-04 

6-55 

6-46 

30 

— 


14-31 

11-14 

9-33 

8-30 

7-72 

7-59 


The function F{x) is plotted in Pig. 104 and Pig. 130. 



Fluctuation of Cascades 

680. The distribution function giving the probability that an electron 
gives rise to exactly N electrons instead of the average number (^Ny has 
been computed by Arley (1943). The distribution function is represented 
by a Polya distribution; this distribution differs appreciably from the 
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Poisson distribution. Some data given by Arley are reproduced in 
Table 9.t 

Table 9 

Probability Distribution 

Probability V, N) that a primary energy Wo gives rise to exactly 
N electrons at the depth 

Ve = loge(Tro/^c). C = loge 2 X V- 



V = 0-2 

6 

11 

Vc = 

2 

4 

6 

2 

4 

6 


0-0126 


0-0001 

0-0296 

0-00265 

0*00021 

1 

0-968 


0-911 

0-873 

0*796 

0-704 

2 

0-0288 

0-0672 

0-0847 

0-0924 

0-180 

0-243 

3 

0-00043 

0-00174 

0-00394 

0-00489 

0-0203 

0-0462 

4 

4xl0-« 

3-6X10-5 

0-000122 

2x10-4 

0-00163 

0*00638 

> 6 

0 

0 

0 

0 

0 

6 X 10-* 



= 0-6 


00 

6 

II 

N^O 


0-00421 

0-00043 

0-0676 

0-00616 

0-00066 

1 

0-768 

0-646 

0-633 

0-669 

0*633 

0-393 

2 


0-254 

0-278 

0-217 

0*276 

0-263 

3 


0-0726 

0-117 

0-0400 

0-116 

0-164 

4 


0-0181 

0-0463 

0-00646 

0-0448 

0-0868 

> 6 


000630 

0-0261 

0-00060 

0-0267 

0-103 



= 1 


J'= 2 

2^= 0 


0-00793 

0-00073 

0-186 

0-0208 

0-00220 

1 

0-699 

0-430 

0-291 

0-373 

0-222 

0-126 

2 

0-226 

0-267 

0-230 

0-204 

0-166 

0-103 

3 


0-146 

0-163 

0-110 

0-127 

0-0886 

4 


0-0749 

0-110 

0-0691 

0-0991 

0-0771 

> 5 


0-0746 

0-206 

0-0683 

0-366 

0-603 

J' = 3 

i' = 6 

jV = 0 

imi 




0-0905 

0-0116 

1 



0-0768 


0-112 

0-0380 

2 


0-111 

0-0611 

0-102 

0-0816 

0-0306 

3 



0-0637 


0-0670 

0-0271 

4 


0-0764 

0-0485 


0-0674 

0-0260 

> 5 


0-530 

0-766 


0-691 

0-868 



' =- 7 


r= 10 

N ^0 

0-704 

0-149 

0-0164 

0-903 

0-277 

0-0316 

1 

0-147 

0-106 

0-0237 

0-0594 

0-136 

0-0262 

2 

0-060 

0-0773 

0-0201 

0-0202 

0-0939 

0-0223 

3 

0-0342 

0-0631 

0-0183 

0-00868 

0-0720 

0-0201 

4 

0-0194 

0-0636 

0-0171 

0-00414 

0-0669 

0-0200 

> 6 

0-0302 

0-661 

0-906 

0-00447 

0-366 

0-880 


t Arley uses conventions for the critical energy and a cascade unit different from 
those used in this book (compare also Ch. VI, § 390). The \mits are explained on tho 
top of Table 9. 



















































APPENDIX in 

REMARKS ON ELECTRONIC CIRCUITS 


681. The electronic circuits described in Chapter II have served their 
purpose in many years of cosmic-ray research. As a result of the rapid 
development of valve technique many of these circuits have now been 
replaced by more elaborate ones. We describe a few useful examples. 

The innovations have occurred mainly because of a general change 
of point of view as to what is desirable. Originally it was attempted to 
use as few components as possible to achieve a given purpose; it was 
argued that each additional component introduces a certain risk of 
failure. Components and valves have been so much improved and the 
ideas about circuits have so much advanced that the risk involved in 
using many components has now been much reduced. The relatively 
most unsatisfactory components of any counter arrangement are now 
the Geiger-MuUer counters themselves, and therefore, the aim is to use 
these counters more or less as triggers only, and make the performance 
of the circuit as far as possible independent of the shape and actual 
duration of the counter discharge. 

682. Circuits have been devised which are an improvement of the 
Neher-Harper circuit (see § 85). In these circuits immediately after the 
onset of the counter discharge the counter voltage is lowered sufficiently 
to stop further spread of the discharge along the counter wire. (This 
rapid lowering of the voltage is obtamed using a ‘flip-flop’.) This 
circuit can be used to reduce the dead time (§ 88) of counters con¬ 
siderably (see Simpson (1944), Du Toit (1947), and Hodson (1948)). 
Hudson’s arrangement is shown in Eig. 132. 

Cathode Follower 

683. Attention has been drawn to the advantage of using cathode 
follower circuits. The voltage pulse given by a Geiger-Miiller counter 
develops across a high resistance (usually of the order of 0*1 to 1 MQ) 
and therefore comparatively small loads on this pulse will reduce or 
distort the pulse. It is often desirable to transport the counter pulse 
to a distant amplifier; to avoid disturbances and also pick-up between 
pulses, led along different leads, shielded cables have to be used. The 
capacitance of such shielded cables is necessarily too large to permit the 
cable to be fed directly from the counter pulse itself. The difficulty is 
overcome by the use of a cathode follower. 
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The cathode follower is a 1:1 amplifier as shown in Pig. 133. The 
pulse produced on the grid is followed exactly by the potential varia¬ 
tion of the point A. The pulse is thus transferred to a system of low 



Fio. 132. ‘Flip-flop’ circuit for reduction of dead time (Hodson, 1948). 



impedance, and even fast pulses can thus be transmitted through long 
shielded cables. 

To avoid reflection at the output end of the cable it is of advantage 
to insert there a resistance connecting the centre wire with the earthed 
shield; this resistance is the so-called characteristic impedance, its value 
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depends on the properties of the cable, but values of the order of 1,000 Q 
are usual. 

The pulse may be shaped more thoroughly before being passed on to 
the Rossi circuit. A usual design of such a shaping circuit consists of 
a double triode flip-flop, an amplifier, and a cathode follower. A typical 
design has been communicated to us by Mr. R. B. Owen and is shown 
in Fig. 134. 


+250V 16mA 



Pig. 134. Shaping circuit for G.M. discharges (R. B. Owen). The counter discharge 
triggers the 6SN7 flip-flop. The square pulse resulting at A is differentiated by and 
(7i, amplified by valve I and followed by valve II. Remark:—good earthing essential. 


Rossi Circuit 

684. The pulses from various counters can be fed to a Rossi circuit 
(see § 93). The pulses received through the cables have sharp leading 
edges corresponding to the sudden change of potential at the onset of 
discharge; the exponential tail of the pulse at the input can be much 
reduced by inserting a suitable R-G differentiating circuit before or after 
the cathode follower. 

Dealing with pulses of durations of a few micro-seconds only, it is of 
importance to safeguard that the potential at the plates of the Rossi 
valves (Fig. 135) should be able to rise sufficiently in the course of the 
pulse. The time constant for this rise is equal to the common load 
resistance of the Rossi valves multiplied by the sum of the anode 
capacities of the valves. To reduce this time constant to a minimum 
the common load must be chosen to be as small as possible; on the other 
hand so as to have clear discrimination of genuine coincidences the load 
resistance must be large as compared with the effective resistance of the 
Rossi valves. It is therefore desirable to use for the Rossi valves 
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pentodes capable of carrying large currents. Types EF 35 have been 
used with advantage. 

To avoid interference with the performance of the Rossi circuit it is 
sometimes of advantage to insert a cathode follower after the Rossi 
output. This procedure is particularly of advantage if the Rossi circuit 
forms only part of a more complicated network. A typical circuit is 
shown in Fig. 135. 


+ HT 



Output 

685. For the recording of coincidences the thyratron circuit described 
in § 89 may be replaced by a hard valve circuit. The main disadvantage 
of the older thyratron circuit is the difficulty of extinguishing the arc 
in the gas-filled relay and the electric disturbances often caused in this 
process. 

A typical output circuit using hard valves only is shown in Fig. 136. 

Self-recording Counters 

686, A circuit by V. Regener by which discharges of individual 
counters simultaneous to some master event can be recorded is 
described in § 102. An alternative circuit has been communicated to us 
by Mr. R. B. Owen (Manchester). This circuit is designed to give very 
high resolving time and efficiency. 

The shaped pulses of the Geiger-Muller counters are passed on to 
gate valves O^, j ft>Lese have the purpose of not passing on the pulse 
unless the gate has been opened by a master pulse. The suppressor grids 
of the gate valves 0^^, ©to. (Fig. 137) are kept normally at a highly 





on both grids pass these pulses through diodes etc., on to the 

grids of pentodes etc. The negative pulses coming from the 

diodes leave the condensers etc. with considerable negative 

charge and the pentodes remain blocked for sufficient periods to 

let the indicators strike. 
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The above circuit switches the indicators on if the signal is passed. 
If one prefers to have a neon lamp extinguished by the pulse instead 
(see § 102), then the neon lamp has to be connected across the load 
resistance rather than across the pentode itself. 

We note that, even in the absence of a master pulse, pulses are ob¬ 
tained at the point B (Fig. 137); the size of these pulses depends on the 
number of valves having received simultaneous signals on their 
control grids. The pulse at B may be passed through a discriminator 
stage and be recorded independently or taken as part of the master 
pulse itself. 
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THE PHOTOGRAPHIC METHOD 


687. The photographic-plate technique first employed for cosmic-ray 
research by Blau and Wambacher (1937) has now become an all im¬ 
portant tool. For older literature see Shapiro (1941). The technique 
has been largely perfected by the researches of the Bristol group and 
through the researches into nuclear emulsions of Messrs. Ilford and 
Messrs. Kodak. See PoweU, Occhialini, Livesey, and Chilton (1946); 
for the electron sensitive emulsion Berriman (1948); also Demers (1947). 
The technique has thus lately attained such a perfection that it will no 
doubt replace many far more difficult experimental procedures of the 
past. We mention in this connexion the remarkable role of the photo¬ 
graphic plate in the discovery of the Tr-ja-decay and the 7r-meson. The 
latest electron-sensitive plates have already yielded such important 
results as the quantitative determination of the decay spectrum of the 
jLt-meson (Chap. V) (Davies, Lock, and Muirhead (1949)) and the distri¬ 
bution of particles in penetrating showers. 

Technique 

688. The tracks of fast particles in photographic emulsions resemble 
in many respects the cloud-chamber tracks of particles; in fact the 
analysis of both types of track is largely analogous. In particular the 
grain density produced by a particle is a monotonic function of its rate 
of ionization. Therefore a relation between grain density and velocity, 
not unhke the well-known relation between velocity and ionization 
exists. 

While there is a far-reaching analogy between photographic-plate 
tracks and cloud-chamber tracks there is also a great deal of difference 
between the type of information the two methods are capable of pro¬ 
ducing—the scale of the events recorded being very different. 

The photographic emulsion, having sufficient density and being con¬ 
tinuously sensitive, will record with perfect efficiency occurring 

inside the emulsion. The ‘stars’ discovered by Blau and Wambacher 
are of course the first examples of such collisions. 

Further the photographic plate is suitable for the investigation of 
short-lived particles and of particles of short range. Decay processes 
with a half-life of greater than 10“^^ sec. can be easily observed in 
emulsions. 
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The amount of matter of the emulsion along an average track corre¬ 
sponds to a few ME V. for mesons; or about a stopping power of the order 
of 1-10 MEV. for singly charged particles. The photographic emulsion 
is thus suited for the investigation of the last few MEV. of tracks. 

In comparison the ends of tracks can only rarely be observed in the 
gas of the chamber owing to the small stopping power of the gas of the 
chamber. The cloud chamber has, however, advantages over the photo¬ 
graphic plate such as the possibilities of counter control, the observa¬ 
tion of complicated shower phenomena, etc. Thus the photographic-plate 
method and cloud-chamber method must be regarded as complementary 
methods opening different ways of approach. 

Observation of Tracks in the Emulsion 

Developing 

689 . Uniform development of the emulsion is essential so as to avoid 
spurious changes of grain density of the micro image. It is also im¬ 
portant to avoid undue distortion of the emulsions in the process of 
development. In a distorted emulsion tracks might appear scattered as 
an effect of the distortion. Emulsions up to 100 ja thick can be developed 
without difficulty. Emulsions of 200 ju, or more must be treated with 
special precautions; various methods are in use, the common feature of 
these methods being that development is prevented by temperature or 
other means until the emulsion is well soaked. See for details Blau and 
De Felice (1948), Dillworth, Occhialini, and Payne (1948). 

Scanning 

690 . Good-quality microscopes have to be used for scanning the 
plates. The personal factor in scanning should not be under-estimated. 
To demonstrate this it was shown by the Rome group that the frequency 
of stars found by an experienced observer decreased when the speed of 
scanning was increased (Cortini and Manfredini (1949)). 

Orientation of Tracks 

691 . The direction of a track in the emulsion can be determined by 
measuring the coordinates a*, ?/, z of a suitable number of grains of a 
track. The direction of the track projected on the plane of the emulsion 
can be measured with considerable accuracy. The width of the track 
is usually small as compared with its length and the main limitation 
of accuracy is caused by the actual scattering of the particle in the 
emulsion, thus the natural limit of accuracy can be reached. The 
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coordinates z, perpendicular to the plane of the emulsion, are measured 
by focusing individual grains of the track and reading their depths on 
a gauge. Corrections of this coordinate have to be made both for the 
refractive index of the emulsions and shrinkage of the emulsion in the 
process of development. 

The shrinkage of emulsion is caused by the loss of silver during pro¬ 
cessing; this is particularly marked for the new types of emulsion with 
high silver content. 

Powell, Occhialini, Livesey, and Chilton (1946) found the 2 :-distortion 
to be a uniform contraction; thus in good approximation we have 

^ z = Jcz' 

where z' is the depth read on the gauge of the microscope, h varies from 
0*8 to 0*3 according to the type of emulsion. 

Range 

692 , The residual range of a particle from a given point to its end 
in the emulsion can be measured directly. It must be emphasized that 
the last grain of a track cannot always be unambiguously located unless 
the background of developed grains is very low. Further, the last grain 
does not necessarily correspond to the actual stop of the particle; the 
actual particle might have moved a length of the order of the average 
distance between two grains after exposing its last grain. 

Considering a mono-energetic beam, say of protons, the observed 
ranges are subject to the ordinary straggling caused by fluctuation of 
energy loss, but the ranges also show fluctuation caused by the grain 
effects. 

For the older plates the uncertainty of the last grain caused a spread 
of ranges exceeding that caused by straggling. The recently-developed 
nuclear research plates show greater grain density and at the same time 
less background; for these plates effects of straggling are more im¬ 
portant, and the accuracy of range measurement reaches its natural 
limit (Lattes, Fowler, and Cuer (1947)). 

Grain density 

693 . The total number of grains along a track or a section of a track 
can be counted directly under the microscope. The number of grains 
per unit path can thus be obtained in principle (Taylor (1935), Bose and 
Chowdhuri (1941)). 

Results of actual grain counts given by Lattes, Occhialini, and Powell 
are shown in Fig. 138. To investigate the rate of change of grain density 
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the number of grains in a track to different distances t^e md are 
usuaUy counted. It may be noted when comparing counts that tlm 
fluctuation of the number of grains per unit path, quite 
systematic changes, exceeds the statistical fluctuation associated with 
rindom events L owing to the effect of low energy secondaries the 

I I [ r i 1 ooc-particle T” 1 


TritorT^l 1 1 o 
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To satisfy this condition different types of emulsion should be chosen 
according to the kind of track to be investigated. Fast, singly charged 
particles need emulsions with exceptionally high silver content—and 
only recently has it become practicable to manufacture emulsions with 
sufficiently high silver content to be sensitive to particles at minimum 
ionization. Such an 'electron sensitive’ emulsion (Berriman (1948)) is 
not suited for the determination of grain densities of slow tracks of 
particles or of tracks of multiply-charged particles. 

The track of a particle of high charge {Z 1) may be too dense to 
be resolved even if recorded in an emulsion of low silver content. In 
such tracks the actual width of the track can be taken as a measure of 
grain density. 

Closely connected with grain density of a track is the number of S-rays 
emitted. The 8 tracks branching off the main track can be counted 
directly; the number of secondaries increases rapidly with decreasing 
energy of the secondary. Thus, to obtain definite results an arbitrary 
lower limit has to be introduced and only tracks with ranges exceeding 
this limit must be counted. 

Scattering 

695. Scattering of a track can be either caused by violent single 
collisions (single scattering) or alternatively by the cumulative effect 
of a large number of independent collisions each giving rise to small 
change of direction only (see §§ 173-4). Large-angle scattering, as a rule, 
can be easily recognized and the angle of scattering may be measured 
through the direction of track before and after the event. 

The measurement of multiple scattering is of considerable practical 
importance. The scattering angles cannot be resolved and methods 
integrating over finite sections of the track have to be employed. There 
are a number of different approaches. Bose and Chowdhuri (1941) made 
the first attempts to measure multiple scattering; they determined the 
root mean square distance between track and sector. Lattimore (1498), 
Goldschmidt-Clermont, King, Muirhead, and Ritson (1948), instead 
determined the average angle of scattering along a section AD\ the 
angle a, Z.(-4JS, CD), can be taken as the angle of scattering between 
the points P and Q (Fig. 139). 

Magnetic deflexion 

696. The magnetic deflexion of particles in the emulsion is being 
attempted at the time of writing. Such deflexions can only be observed 



§ 696] 


THE PHOTOGBAPHIC METHOD 


423 


if they can be made to exceed noticeably the deflexion caused by 
multiple scattering. Considerations analogous to those of § 136 show 
that the magnetic deflexions of relativistic particles in very strong fields 
(c± 30,000 gauss) should be just measurable. Another method is being 
proposed and used by Oochialini and Bates (1948), Powell and Rosenblum 
(1948), Franzinetti, Powell, and Rosenblum (1948), Barbour (1948). A 
number of photographic plates with small gaps in between are used. 
Tracks of particles traversing more than one emulsion are observed and 
the magnetic deflexion in the gap between the emulsions is measured. 

/ 

/ 

y 

y 

y 

y 

y 



The main difliciilty of this method is that of identification of the tracks 
in different emulsions belonging to the same particles. 

Determination of mass, energy, and charge 

697. The data obtained from the tracks of particles in emulsions can 
be under favourable conditions used to detennine masvS, charge, and 
energy of the particle (Perkins (1947), Lattes, Muirhead, Occhialini, 
and Powell (1047), Bradt and Peters (li)4S)). The procedure is some¬ 
what analogous to that of analysing cloud-chamber tracks. 

Essentially we have to determine three unknown quantities, e.g. mass 
m, velocity v (or p v/r), and charge number Z, so as to characterize 
a particle. Three relations between observed quantities must be made 
use of so as to allow a complete determinatioji. Often Z I can be 
assumed safely, those cases can be analysed using two relations. 

We discuss briefly the relations at disposal: 

Energy-range relation: this relation can be obtained directly for 
a-particles or protons by bombarding enuilsions with particles of known 
energy. Empirically the following type of relation is found: 

- Idi^ {v ~ 0-5), 


( 1 ) 
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kinetic energy, R range, v a slowly varying quantity (see, e.g. Lattes, 
Fowler, and Cuer (1947), and Fig. 140). 

From general arguments (see Chap. Ill) it can be assumed that the 
rate of energy loss of a particle 

^ = ( 2 ) 




Pia. 140 06 . Energy-range relations for protons in a typical photographic emulsion (Lattes, 

Fowler, and Cuer (1947)). 
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Fig. 1406. Energy-range relations for a-particles in a typical photographic emulsion 
(Lattes, Fowler, and Cuer (1947)). 


i.e. it is proportional to but otherwise a function of velocity only. 
Further we have 


Wk = Mc^ 


^(i-v^ic^y 


— 1 = Mg{v), 


Z^dR _ dg{v) 

^ ~~ fiv) ' 


(2 a) 
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Integrating from jB = 0 we find 
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M ] m ^ ^ 

0 

Thus Z^BjM is a function of v only. (1) and (3) together give a general 
relation between R, and Z valid for all particles. 

698. It is assumed in the above consideration that Z — Zgff, the 
effective charge of the particle. For a moving nucleus this is correct 
provided it can be assumed to be completely stripped of electrons. 
However, if the velocity of the nucleus is of the order of the velocity 
of its orbital electrons, capture becomes important and Z^ff^ is not strictly 
constant. For 2 > 1 the orbital velocities are high and the effect of 
capture becomes important. 

The rate of ionization and also the frequency of S-rays is 

The grain density n = dNjdr is an increasing function of J, thus a rela- 
tionship of the form n = (4a) 


(%(,, Jq constants) may be expected. 

For Z = const., say Z — 1, (dN/dB) is a function of velocity only, say 




With help of (2 a) we have further 



Thus N/M for fixed Z is a function of velocity only. 

The root mean square angle of scattering along a path d is (see § 242) 
of the form v, 

V<^^> = (®) 

where a can be determined numerically from equation (185), § 243, 
provided the chemical composition of the emulsion is known. 


Determination of mass 

699. {N, R) relation'. Using the fact that both NjM and RjM are 
functions of v alone, logiV' can be plotted against logjB both for the 
unknown particle (curve 1) and a known particle of the same Z (curve 2) 
(Fig. 141). 

Draw a line 45° to the axis intersecting the curves in points A and B. 
We have, according to Perkins, as can be verified easily, 

J5'4' = 
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where B' and A' are the projections of B and A. As a check of the 
method it should be ascertained that the distance A'B' remains un¬ 
changed inside experimental errors when the line AJ? is moved along 
curve (1) (Pig. 141). 

Similar determinations can be carried out using the mean scattering 
instead of N ov B. 

If Z is not known N, B, and have to be used simultaneously. 



Fig. 141. Determination of mass of a particle. 

Some Observational Besults obtained by Photographic-Plate Methods 

700. The earlier researches were mostly concerned with the study 
of stars in emulsions (see Blau and Wambacher (1937), Schopper (1937), 
Eumbaugh and Locher (1936), Jdanow (1936, 1939), Leprince-Ringuet 
and others (1947)). It was recognized that these stars represent dis¬ 
ruptions of atomic nuclei caused by the impact of cosmic-ray particles. 
The connexion with cosmic rays was established as the number of stars 
observed in an emulsion was found to increase considerably with eleva¬ 
tion above sea-level. 

The height-frequency curves of stars observed by many authors 
(Stetter and Wambacher (1937), Perkins (1947), Bernardini, Cortini, 
and Manfredini (1948), George and Jason (1949)) show that the rate 
of increase of stars with height is exponential with a half value of 
about 160 g./cm.2 The rate of increase is the same order as that of the 
nucleons causing penetrating showers. 

701. The absorption of star producing rays in various materials was 
also studied; it was found that the absorption is greater in lighter 
elements. Results are compatible with a cross-section of absorption 
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given by an expression 

<D ^ ^2/3 

per atom. 

Thus the absorption varies roughly as the geometrical cross-section 
of the absorbing nuclei. This result fits in with the hypothesis that the 
stars are produced by fast nucleons coming down through the atmo¬ 
sphere. 

Penetrating showers 

702. The prongs of the stars contain protons, a-partioles, and heavier 
fragments, but also mesons. With the electron-sensitive Kodak emul¬ 
sions it was found that some of the stars contain also fast particles, 
presumably mesons and protons (Brown, Camerini, Fowler, Heitler, 
King, and Powell (1949), Cosyns, Dillworth, Occhialini, Schonberg, 
Vermaesen (1949), Brown, Camerini, Fowler, Muirhead, Powell, Ritson 
(1949)). Investigations of these stars, which seem to be identical with 
the penetrating showers described in Chapter IX are in progress at the 
time of writing. 

The TT-meson 

703. The most important discovery made with the photographic 
plate technique is that of the 7r-meson (Lattes, Occhialini, and Powell 
(1947)). Investigating tracks ending in the emulsion, particles were 
found coining to rest inside the emulsion, emitting another particle after 
the first had come to rest; the second particle was found in all cases to 
have a range of about 600 /x. A typical example is shown on Plate 7 a. 
These events are interpreted as follows. The first track entering the 
emulsion is that of an unstable particle, the 7r-meson; after having come 
to rest, the 7r-meson decays emitting a somewhat lighter particle, the 
jLt-meson. The kinetic energy of the ja-meson is taken from the excess 
of the TT-meson rest energy over the ju-meson rest energy. 

The TT-meson is now generally believed to be the particle (or one of 
the particles) responsible for nuclear forces. This belief is based on the 
fact that the TT-meson unlike the /x-meson shows a strong interaction 
with nucleons. 

The mesons produced artificially in Berkeley (Gardener and Lattes 
(1948), Burfening, Gardener, Lattes (1949)) are all Tr-mesons; the few jix- 
mesons coming from the cyclotron can be well accounted for in terms 
of the TT-jLt-decay. This shows that nucleons in high-energy collisions 
emit in the first instance Tr-mesons but not /x-mesons. 
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The strong interaction of slow 7r-mesons with nucleons is also shown 
by the fact that negative 7r-mesons brought to rest in an emulsion will as 
a rule give rise to stars. There is no definite evidence that jt^-mesons ever 
produce stars, but at any rate if this process exists it is rare. (Camerini, 
Muirhead, Powell, and Ritson (1948), Gardener and Lattes (1948), 
Chang (1949).) 

Originally, when it was reahzed that not all negative mesons give rise 
to stars at the end of their range the term cr-meson was introduced in 
a phenomenological way, signifying all those mesons which do give rise 
to disintegrations. It is now safe to assume that or-mesons are simply the 
negative 7r-mesons. 

The mean life of the 7r-meson for ^t-decay was determined by Richard¬ 
son (1948) with a beam of artificial mesons as 

1*1 X 10“®sec. 

Qualitatively similar results were obtained with cosmic ray mesons by 
Camerini, Muirhead, Powell, and Ritson (1948). 

While there is no evidence for a ]8-decay of the 7r-meson it was shown 
that the mean fife of the 7r-meson against j8-decay must exceed 10*^ sec. 
(Burfening, Gardener, and Lattes (1949)). 


Energy-momentum relations 

704. The energy of the jLt-meson arising from the 7r-/x-decay can be 
determined from the range of the jit-tracks. Inside the accuracy of 
measurement all /x-decay tracks have the same energy and thus the 
kinetic energy of the /x-meson was determined to be = 4*1 MEV. 
To satisfy the conservation of momentum it must be assumed that a 
recoil particle, leaving no trace in the emulsion, is also emitted in a 
direction opposite to that of the /x-meson. Writing Wq for the mass of 
this recoil particle, the conservation law can be written as follows: 

with = V{(2m^ c2+ W^)W^} = 30 MEV. 

Pq is the momentum of either of the decay products, 

= 100 MEV. 

Thus we find 


-^= l + 0*04+0*3V(l+m§/m2) ^ 1.34. 


The experimental ratio is 
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1-33 


(7) 


( 8 ) 
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as found by the photographic-plate method in measurement on arti¬ 
ficially produced mesons (Burfening, Gardener, and Lattes (1949)). 
Comparison of (7) and (8) shows 

> mo- 

The most plausible assumption is that the second decay product of the 
7r-meson is a neutrino, and thus mo = 0. 

Decay of the jut-meson 

705. Using electron-sensitive emulsions many cases of ja-meson decay 
at the end of their range have been observed. An example showing the 
decay of a Tr-meson into a /x-meson and the subsequent decay of the 
same /x-meson, emitting an electron is shown in Plate 7 a. 

The energies of electrons emitted by /x-mesons at the end of their 
trajectories have been investigated by the scattering method by the 
Bristol group (Davies, Lock, and Muirhead (1949)). These ranges corre¬ 
spond to a spread of energies up to about 

m^c72 50 MEV. 

From this spread it is concluded that the jic-meson decays into at 
least three products. The most plausible assumption is a decay into 
an electron and two neutrinos. This result is in good agreement with 
i-hat obtained from observations in the cloud chamber by Leighton, 
Anderson, and Seriff (1949). 

r-Meson 

706. A curious photograph shown in Plate 7 h was reported by the 
Bristol group (Brown, Camerini, Fowler, Muirhead, Powell, Ritson 
(1949)). This photograph appears to show the breaking up of an 
incident particle into three charged particles. 

One of the decay products is a 7 T-meson which causes a further dis¬ 
integration. From energy-momentum considerations it must be con- 
eluded that the incident particle has a mass of about LOGOm^ and is 
termed a r-meson. 

No similar event has been reported anywhere else. This r-meson may 
or may not he identical with a particle of similar mass observed 
by H,ocliester and Butler (1948) on a cloud-chamber photograph; or 
that reported by Leprince-Ringuet, L’Heritier, Richard-Foy (1945), 
[.eprince-Ringuet, Tchang-Fong, Janneau, Morellet (1948). 

It is by no means settled what other kind of elementary partic es 
might exist. Alichanov, Alichanjan, and Weissenberg (1948), analysmg 
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range curvature data obtained at high altitudeSj report the existence 
of a number of additional masses. 


Multiply-charged primaries 

707. Exposing emulsions at 100,000 ft. above sea-level Freier, Lof- 
gren, Ney, Oppenbeimer, E., Bradt, and Peters (1948) have found evi¬ 
dence for fast particles of multiple charge. These tracks are caused by 
heavy multiply-charged particles, i.e. by stripped nuclei. Most of these 
particles must be primaries, though heavy splinters are also contributing 
(Bradt and Peters (1949)). The fraction of a-particles and also heavier 
nuclei in the primary beam is not inconsiderable. Cloud-chamber photo¬ 
graphs at over 80,000 ft. showing tracks of heavy primaries have been 
found by Preier, Lofgren, and Oppenheimer, P. (1948). 



bibliography 

Aqeno, Bebnabdini, Cacoiapuoti, FEBBETont, and Wiok, Phys. Bev. 57, 
(1948). 

Aixen, P/ 12 / 5 . 61, 692 (1942). inn /^q4.o^ 

AjLTMAisnsr, Waxker, and Hess, ibid. 58, 1011 (19 ). 

Andbbson, Science, 16, 238 (1932). 

- Phys. Bev. 43 , 491 (1933 a). 

-ibid. 44 , 406 (1933 6 ). 

-and Adams, ibid. 73, 660 (1948). 

_and Nbddbbmeybb, Int. Gonf. Phys., Londo ( 

-- Phys. Bev. 50, 263 (1936). 

-ibid. 51 , 884 (1937). 

Ablby, Proc. Boy. Soc. A 168 , 619 

- Stochastic Processes, Copenhagen (1943) 

_and Hbitleb, Nature, Lond. 142 , 168 (l«d»}. 

Axjgbb, Th^se, Paris (1926). 

—— Compt. Bend. 200, 739 (1936 a). 

- Joum. d. Phys. 6, 226 (1936 6 ). 

- Compt. Bend. 207, 907 (1938). 

- Solvay Beport (1948). 

- and Daxjdin, Phys. Bev. 61, 91 (1942). 

-de P/12/S-6, 17 (1946). 904 257 (1937). 

-Ehbekeest, Fb^on. ^^dFoTJBNiEB ^end. 204 , (193 ) 

_ Fb^on, and Maze, ibid. 266 , 169 0948). 

Joivm. d. Phys. et B. 10 , 396 (1939). 


-and Maze, Gompt. Bend. 207, ^8 ( )• 

_and Chabminadb, Phys. Bev. naqai 

_and Gbivet-Maybb, Compt. Bend. 206, 172 ( )• 

_and Bobley, ibid. 208, 1641 (1938). 

- and Bosenbebg, ibid. 201, 1116 (1936 a). 

-ibid. 200, 447 (1936 6). 

- Joum. Phys. 6, 229 (1936 c). 


Babbeb, Phys. Bev. 75, 690 (1949). 

Babboub, ibid. 74 , 607 (1948). 

Barn6thy and Fobb6, Z. Phys. 100 , 742 (1936). 

-ibid. 104 , 744 (1937). 

_ Phys. Bev. 55, 870 (1939). 

Beabden, Bev. Sei. Inst. 6, 266 (1936). 

Beabdsley, Phys. Bev. 57, 336 (1940). 

Behohnek, Phys. Z. 27, 8, 636 (1926). 

Belenky, C.B. USSB, 30, 608 (1941). 

-ibid. 36, no. 3 (1942). 

- Joum. Phys. USSB, 8. 19 , 347 (1944). 

Bebnabdini, Nature, Lond. 129 , 678 ^g^g. 

_CoBTiNi, and Manebbdini, Phys. Bev. 74 , 846 (l»4») 



432 


BIBLIOGRAPHY 


Bbrnardini, Cacciapuoti, Ferbetti, PiociONi, and Wick, Real. Ac. It. 11, 471 
(1940). 

- Atti. Ae. It. 9, 471 (1940). 

-and Querzoli, PTvys. Rev. 73, 228, 335 (1948). 

- and Festa, Rend. d. Real. Ac. It. 4, fasc. 6 (1943). 

Bbbriman, Nature, 162, 992 (1948). 

Bethe, Z. Phys. 16^ 293 (see also Handh. d. Phys.) (1932). 

- Phys. Rev. 57, 260, 390 (1940). 

- and Hbitler, Proc. Roy. Soc. A146, 83 (1934). 

- , Kobbe, and Placzek, Phys. Rev. 57, 573 (1940). 

Bhabha, Proc. Roy. Soc. A164, 257 (1938 a). 

-ibid. A166, 601 (1938 6). 

— '—Ind. Ac. Sci. 11 , 247 (1940 a). 

-ibid. 347 (1940 6). 

-- Phys. Rev. 59, 100 (1941). 

-and Chakbababty, Proc. Roy. Soc. A181, 267. 

-and Hbitlbb, ibid. A 159, 432 (1937). 

Bibhl, Nbheb, and Robsch, Phys. Rev. 75, 688 (1949). 

Blackett, Joum. Sci. Inst. 4, 433 (1927). 

- Proc. Roy. /Soc. A146, 281 (1934). 

-ibid, A 159, 1 (1937 a). 

-ibid. 19 (1937 6). 

-ibid. A 165, 11 (1938 a). 

- Phys. Rev. 54, 973 (1938 6). 

- Nature, Lond. 144, 30 (1939). 

- Proc. Phys. Soc. 53, 203 (1941). 

- Nature, 169, 658 (1947). 

- PUl. Mag. 40, 126 (1949). 

- and Brodb, Proc. Roy. Soc. A 154, 573 (1936). 

- and OooHiALiNi, Nature, Lond. 130, 363 (1932). 

- Proc. Roy. Soc. A 139, 699 (1933). 

- and WiLSOiT, J. G., Proc. Roy. Soc. A160, 304 (1937). 

-ibid. A 165, 209 (1938). 

Blatj and De Felice, Phys. Rev. 74, 1198 (1948). 

- and Wambacheb, Nature, Lond. 140, 585 (1937 a). 

- Proc. Ac. Vienna, 146, 623 (1937 6). 

Bloch, Ann. d. Physih, 16, 285; Z. Phys. 81, 363 (1933). 

Bcggild and Kabkov, Naturw. 25, 158 (1937). 

Bohb, Phil. Mag. 25, 10 (1913). 

-ibid. 30, 681 (1916). 

Booth and Wilson, A. H., Proc. Roy. Soc. A 175, 483 (1940). 

Bose and Chowdhubi, Nature, 147, 240 (1941). 

-ibid. 148, 259 (1941). 

-ibid. 149, 302 (1942). 

- and SiNHA, Phys. Rev. 65, 341 (1944). 

Bostick, Phys. Rev. 61, 567 (1942). 

Bothe and Kolhobsteb, Z. Phys. 56, 751 (1929). 

Bowen, Millikan, and Nbheb, Phys. Rev. 46, 641 (1934). 

-ibid. 52, 80 (1937). 

-ibid. 53, 217 (1938). 

Bbabdick, Proc. Roy. Soc. A 171, 314 (1939). 

-and Hbnsby, Nature, Lond. 144, 1012 (1939). 



BIBLIOGRAPHY 


433 


Braddiok and Hodson (private communication). 

Bbadt and Peters, Fhys. Bev, 74, 507 (1948), 

-ibid. 75, 1779 (1949). 

-and ScHERRER, Helv. Phys, Act, 16, 269 (1943). 

Broadbent and JAnossy, Proc. Boy, Soc. A 190, 497 (1947 a), 

-ibid. A 191, 617 (1947 b), 

-ibid. A 192, 364 (1948). 

Brode, McPherson, and Starr, Phys, Bev, 50, 681 (1936). 

Brown, Cambrini, Fowler, Hjeitler, H., King, and Powell, C. F. (in the press) 
(1949). 

- Muirhbad, Powell, C. F., andRirsoN, Nature, 163, 47,82 (1949). 

Burfening, Gardener, and Lattes, Phys^ Bev, 75, 382 (1949). 

Camerini, Muirhead, Powell, C. F., and Ritson, Nature, 162, 433 (1948). 
Carlson and Oppenheimer, ibid. 51, 220 (1937). 

Carmichael and Chou, Nature, Lond. 144, 325 (1939). 

-and Dymond, Proc, Boy. Soc. A171, 321 (1939). 

Cbajdwior, Blackett, and Occhialini, Nature, Lond. 131, 473 (1933). 
Chakrabarty, Ind. Joum. Phys, 16, 377 (1942 a). 

- Phys. Nat, Sc, Ind, 8, 331 (1942 h). 

-and Majtjmdar, Phys, Bev. 65, 206 (1944). 

Champion and Powell, C. F., Proc. Boy, Soc. A183, 64 (1946). 

Chang, Bev. Mod. Phys, 21, 166 (1949). 

Chapman, Month. Not. Boy. A. Soc. 89, 69 (1928). 

Charminade, Fr^ion, and Maze, Compt. Bend. 218, 402 (1944). 

Chott, Papers College Sci, and Eng. TJniv, Amoy (China), 1 (1943). 

Chowdhuri, Nature, 161, 680 (1948). 

Christy and Kusara, Phys, Bev. 59, 406 (1941 a). 

-ibid. 414(1941 h). 

Clay, J. Proc, Ac. Amst, 30, 1116 (1927). 

-ibid. 31, 1091 (1928). 

-ibid. 33, 711 (1930). 

- Physica, 1, 363 (1934). 

-ibid. 2, 861 (1936 o). 

-ibid. 2, 867 (1936 h). 

-ibid. 3, 362 (1936). 

-VAN Alphen, and Hooft, ibid. 1, 829 (1934). 

- and Bruins, ibid. 6, 628 (1939). 

- and Clay, P. H., ibid. 2, 1042 (1936). 

- and Gemert, Proc. Ac. Amst. 42, 672 (1939). 

-and Clay, P. H., ibid. 41, 694 (1938). 

- Physica, 6, 184, 497 (1939). 

- Hooft, and Clay, P. H., ibid. 2, 1033 (1935). 

- and Levert, ibid. 12, 321 (1946). 

CoccoNi, Phys, Bev. 72, 964 (1947). 

- and V. Tongiorgi Cocconi, ibid. 75, 1060 (1949). 

- and Greisen, ibid. 74, 62 (1948). 

-Loverdo, and Tongiorgi, Nuovo dm. 1, 14 (1943). 

-ibid. 2, 14(1944). 

- Phys. Bev. 70, 840, 846 (1946). 

- and Tongiorgi, ibid. 70, 886 (1946). 

Cocconi, V. Tongiorgi, ibid. 74, 226 (1948). 

8596.40 p f 



434 


BIBLIOGRAPHY 


CooooNi, V. ToNaiORGi, Phys. Bev. 75^ 1632 (1949). 

Code, ibid. 59, 229 (1941). 

Compton-, ibid. 43, 387 (1933). 

- and Getting, ibid. 47, 817 (1935). 

-and Txjbnee, ibid. 52, 799 (1937). 

-Woiiicor, and Benett, Rev, Sd. Inst. 5, 416 (1934). 

CoNVBRSi and Seeoooo, Nuovo Gim. (August) (1943). 

- Panoini, and Piooioni, Phys. Rev. 71, 209 (1947). 

- and Piooioni, ibid. 70, 859 (1946). 

- Nuovo dm. 1 , 96 (1943). 

Cooper, Phys. Rev. 58, 288 (1940). 

CoRMN, Ann. Ohs. Lund, Nr. 4 (1934). 

Corson and Brode, Phys. Rev. 53, 773 (1938). 

CoRTiNi and Manpbedini, Nature, 163, 991 (1949). 

Cos-yNS, Nature, Lond. 137, 616 (1936 a). 

- Bull. Tech. Asa. Ing. Brussels, p. 173 (1936 6). 

- Roy. Belg. Ac. 23, 498, 960 (1937). 

- Nature, Lond. 145, 668 (1940). 

- Roy. Belg. Ac. 28, 674 (1942). 

-and Bruins, Bull. Ac. Belg., Nr. 4, 371, (1934). 

- Dillworth, Ooohialini, Sohonberg, and Vermaesen (in the press) (1949). 

CowiiNG, Month. Not. Roy. A. Soc. 90, 140 (1929). 

-ibid. 92, 407 (1932). 

Crussard and Lbprinoe-Ringuet, Compt. Rend. 204, 240 (1937 a). 

- Joum. d. Phys. 8 , 213 (1937 6). 

Curie and Jouot, Compt. Bend. 196, 1105, 1681, 1886 (1933 a). 

Curran and Petrzilka, Proc. Camh. Soc. 35, 309 (1939). 

DaIiIiAjporta and Clementbl, Nuovo Gim. 3, No. 4 (1946). 

Daneorth and Ramsay, Phys. Rev. 49, 864 (1936). 

Daubin, Th^e, Paris (1942). 

- Compt. Rend. 216, 483 (1943). 

-ibid. 218, 276 (1944). 

- Ann. d. Physique, 20, 663 (1946). 

- and Loverdo, Joum. d. Phys. et R., 8 , 223 (1947). 

Dayies, Look, and Muirhead (in the press) (1949). 

Demers, Cam^xd. Joum. of Res. 25, 223 (1947). 

Dillworth, Ooohialini, and Payne, Nature, 162, 102 (1948). 

Drigo, Ric. Sd. 5, 1, 112 (1934). 

Duperieb, Proc. Roy. Soc. A 177, 204 (1940). 

- Nature, Lond. 153, 629 (1944 a). 

- Terr. Magn. Atm. El. 49, 1 (1944 b). 

- Proc. Phys. Soc. 49, 34 (1948). 

Eokart, Phys. Rev. 45, 461 (1934). 

- and Shonka, ibid. 53, 762 (1938). 

Ehmbrt, Z. Phys. 106, 761 (1937). 

Ehebnberg, Proc. Roy. Soc. A 155, 632 (1936). 

Ehrenpbst, Compt. Rend. 206, 428 (1938 a). 

-ibid. 207, 673 (1938 b). 

-and Auger, Joum. Phys. 7, 66 (1936). 

- Fr6on, and Fournier, Compt. Rend. 204, 267 (1937). 



BIBLIOGRAPHY 


435 


Elstbr and Gbitel, Phys. Z, 2, 660 (1900, 1), 

Epstein, PJvys* Rev. 53, 862 (1938). 

EtJiiBE, Z. Phys, 116, 73 (1940). 

- and Heisbnbeeg, Erg. d. exaht. Natunmss.» vol. 17, Springer (1938). 

- and Wbegelanb, Astr. Norw. 3, 166 (1940). 

Eyges, Phys. Rev. 74, 1801 (1949). 

Ebrmi, Phys. Rev. 56, 1242 (1939). 

-ibid. 57, 486 (1940). 

- and Rossi, Acc. Line. Att. 17, 346 (1933). 

Flood, Z. phys. Ohem. 170, 286 (1934). 

Follbt and Cbawshaw, Proc. Roy. Soc. A155, 646 (1936). 

Fobbush, Rev. Mod. Phys. 11, 168 (1939). 

Fbanzinetti, Powell, and Rosenblum, Bristol Symposium (1948). 

Fbbieb, Lofqben, Nby, Oppenheimeb, F., Bbadt, and Petebs, Phys. Rev. 

213 (1948). 

- and Oppenheimeb, F., ibid. 74, 1818 (1948). 

Fb:6on, Th^se, Paris (1942). 

- Compt. Rend. 218, 277 (1944). 

-and Maze, Joum. d. Phys. et R. 9, 301 (1948). 

Fbetteb, Phys. Rev. 70, 230 (1946). 

-ibid. 73, 41 (1948). 

Fbohlich, Heitleb, and Kemmbb, Proo. Roy. Soc. A166, 164 (1938). 

Fboman and Stbabns, Phys. Rev. 50, 787 (1936). 

FtiNPEB, Z. Phys. 83, 92 (1933). 

-ibid. Ill, 361 (1938). 

Fubry, Phys. Rev. 52, 669 (1937). 

Fussel (quoted from Ehlbb and Heisenberg (1938)). 

Gabdeneb and Lattes, Sci. 107, 270 (1948). 

- Solvay Report (1948). 

Gbigeb, Z. Phys. 11 y 7 (1924). 

- and Klempbbbb, ibid. 49, 763 (1928). 

-and Muller, Phys. Z. 29y 839 (1928). 

-ibid. 30, 489 (1929). 

George, JAnossy. and MoCaig, Proc. Roy. Soc. A 180, 219 (1942). 

- and Jason, Proc. Phys. Soc. 62, 243 (1949). 

Getting, Rev. Sci. Inst. 8, 412 (1937). 

- Phys. Rev. 53, 103 (1938). 

Gilbert, Proc. Roy. Soc. A 144, 669 (1934). 

Gookel, Phys. Z. 10, 846 (1909). 

-ibid. 11, 280 (1910). 

-ibid. 12, 696 (1911). 

-ibid, 16, 345 (1916). 

Godabt, Ann. Soc. Sci. Brussels, 58, 27 (1938). 

Goldsohmidt-Clermont, King, Muirhbad, and Ritson, Proc. Phys. Soc. 61 
138 (1948). 

Gordon, Z. Phys. 48, 180 (1928). 

Gorodbtzky, Thise, Paris (1942). 

- Compt. Rend. 217, 479 (1943). 

Grbisen, Phys. Rev. 63, 323 (1943). 

-ibid. 75, 1071 (1949). 



436 


BIBLIOGRAPHY 


Gboss, Z. Phys. 83, 214 (1933). 

Hjlue, Seabbes, Maanen, and Ellerman, Astr. Joum. 47, 206 (1918). 
HAXPBBisr and Crane, Phys, Bev, 56* 232 (1939). 

- and Hall, ibid. 73, 477 (1948). 

Hamilton, Hbitleb, and Peng, ibid. 64, 78 (1943). 

-and Peng, Proc. Ir, Ac, 49, 197 (1944). 

Hayakawa and Tomonaga (in the press) (1949). 

Hazen, Phys, Bev, 63, 213 (1943). 

-ibid. 65, 67 (1944 a), 

-ibid. 269 (1944 6). 

Heisenberg, ATc, Wise, Lpz, 89, 369 (1937 a). 

- Naturw, 25, 749 (1937 b), 

Heitler, Proc, Boy, Soc, A 161, 261 (1937). 

-ibid. A 166, 629 (1938). 

- Proc, Camh, Soc, 37,, 291 (1941). 

- Proo, Ir, Ac, 50, 156 (1946). 

-and JAnossy, Proc, Phys. Soc. 62, 374 (1949). 

-ibid, (in the press) (1949). 

-and Ma, Proc, Boy, Soc, A176, 368 (1940). 

-and Peng, Phys, Bev, 62, 81 (1942). 

- Proc, Ir, Ac, 49, 101 (1943). 

- Powell, F. C., and I^btel, Nature, Lend. 144, 283 (1939). 

-and Walsh, Bev, Mod, Phys. 17, 252 (1945). 

Herzog and Bostick, Phys, Bev, 58, 278 (1940). 

-and SoHBBRBB, Joum, Phys, 6, 489 (1935). 

Hess, Phys, Z. 13, 1084 (1912). 

-ibid. 14, 610 (1913). 

- Graziabbi, and Steinmaxjrbb, Proc, Vien. Ac. 143, 313 (1934). 

- and Lawson, ibid. 125, 285 (1916). 

-and Steinmaubbr, Phys. Z. 27, 159 (1926). 

Hilberby, Phys, Bev. 60, 1 (1941). 

- Synyposium, Rio de Janeiro, p. 85 (1943). 

Hodson, Joum, Sci. Inst. 25, 11 (1948). 

Hoeemann, Phys. Z, 26, 669 (1925). 

- Ann. Physik, 80, 779 (1926). 

-ibid. 82, 413 (1927 a). 

- Z. Phys. 42, 565 (1927 b). 

-and Llndholm, Beitr. Oeophys. 20, 12 (1928). 

-and Peobtb, Phys. Z, 31, 347 (1930). 

Htr Chien Shan, Proc. Boy. Soc. A 158, 681 (1936). 

-Kiselbash, and Eetiladge, ibid. A 161, 95 (1937). 

Hughes, Phys, Bev, 57, 592 (1940), 

-ibid. 60, 414(1941). 

Hunter, ibid. 55, 15, 614 (1939). 

IwANBNKO and Sokolow, ibid. 53, 910 (1938). 

JAnossy, Z, Phys, 101, 129 (1936). 

-ibid. 104, 430 (1937). 

- Proc. Boy. Soc. A 167, 499 (1938 a). 

- Proc, Camh, Soc, 34, 614 (1938 b). 



BIBLIOaRAPHY 


437 


Jij^ossY, Proc, Roy* Soc. A179, 361 (1941). 

- -Phys* Rev. 64, 346 (1943). 

_ Nature, Lond. 153, 165, 692 (1944 a). 

- Proc. Roy* Soc* A183, 190 (1944 6). 

_and Inglbby, Nature, Lond. 145, 611 (1940). 

__ Joum* Sci* Inst* 19, 30 (1942). 

_and LovEUii, Nature, Lond. 142, 716 (1938). 

_and Nicolson, Proc* Roy* Soc* A 192, 99 (1947). 

-and Boohbstbr, ibid. A 181, 399 (1943 a)* 

-ibid. A182, 180 (1943 6). 

-ibid. A183, 181 (1944 a). 

_ibid. 186 (1944 6). 

_and Beoadbbnt, NaPure, Lond. 155, 142 (1945). 

_and McCuskeb, ibid. 148, 660 (1941). 

_and Bossi, Proc* Roy* Soc. A 175, 88 (1940). 

_and Tzu, Nature, Lond. 157, 627 (1946). 

Jdanow, Joum. d* Phys. et R* 223, 6 (1936). 

_(7. R. (DoTclady) U.S.S.R* 23, 28 (1939). 

- Nature, 143, 682 (1939). 

JOBINSON, Phys* Rev* 43, 307 (1933 a). 

- Joum* Frankl* Inst* 215, 749 (1933 6). 

- Phys* Rev* 45, 669 (1934). 

-ibid. 47, 91 (1936 a). 

-ibid. 48, 287 (1936 6). 

-ibid. 54, 386 (1938 a). 

_ Bev* Mod. Phys* 10, 193 (1938 6). 

-ibid. 11, 208 (1939 a). 

- Joum* Frankl. Inst* 221, 37 (1939 6). 


- Phys. Rev. 56, 226 (1939 c). 

-and Bab,by, Phys* Rev* 56, 219 (1939). 

_Benbdetti, and Shutt, Rev. Sci* Inst. 14, 2ho 


(1943). 


- and Shutt, ibid. 61, 380 (1942). 

- and Stevenson, Journ* Frankl* Inst* 216, 329 (1 Joo). 

- and Street, Phys. Rev* 43, 381 (1933). 


Jones, Rev* Mod. Phys* 11, 236 (1939). 
JuTTNER, Z. Math* Phys. 62, 410 (1914). 


Kellog, Babi, Bamsay, and Zaohamas, Phys. Bev. 57, C77 (1940). 
Kemmeb, Proc. Boy. Soc. A166, 127 (1938 a). 

- Ptoc. Co/iTib. Soc. 34, 364 (1938 b). 

Klein and Nishina, Z. Phys. 52, 863 (1929). 

Kolhobsteb, Ber. deutsch. Phys. Oea. 16, 719 (1914 19). 

_ Proc. Berlin Ac., p. 366 (1923). 


- Phys. Z. 27, 62 (1926). 

_ Z. Phys. 88, 636 (1934). 

_Matthbs, and Webek, Natunmas. 26, 676 (1938). 

Kobee, Phys. Bev. 56, 210 (1939). 

-and Present, Phys. Bev. 65, 274 (1944). 

KxjiiENKAMPEE, Vcrh. d. Phys. Oea. (1938). 

Ktjnze, Z. Phys. 79, 203 (1932). 

-ibid. 80, 669 (1933 a). 

-ibid. 83, 1 (1933 6). 



438 


BIBLIOGRAPHY 


Laby, PML Trans. Roy. Soc. 208, 445 (1908). 

Laitpatt, Joum. Phys. USSR, 3, 237 (1940). 

-and Rtjmbb, Ptoc. Roy. Soc. A 166, 213 (1938). 

Lapp, Phys. Rev. 63, 462; 64, 265 (1943). 

-ibid. 65, 347 (1944). 

Lattes, Fowileb, and Cueb, Proc. Phys. Soc. London, 59, 883 (1947). 

-Muirhead, Oochialini, and Powell, Nature, Lond. 159, 694 (1947). 

-and OooHiALiin, ibid. 159, 331 (1947). 

-and Powell, ibid. 160, 463 (1947). 

-ibid. 160, 866 (1947). 

Lattimoee, ibid. 161, 618 (1948). 

Leighton, Andbbson, and Sereff, Phys. Rev. 75, 1432 (1949). 

LbmaItre, Ann. Soc. Sci. Belg. A 54, 194 (1934). 

-and Vallabta, Phys. Rev. 43, 87 (1933). 

-ibid. 49, 719 (1936 a). 

-ibid. 50, 493 (1936 6). 

-and Bouckaert, Phys. Rev. 47, 434 (1935). 

LEPBiNOB-RiNGtrET and Crussard, Gompt. Rend. 204, 112 (1937); also Journ. 
Phys. 8, 207 (1937). 

-and Gorodetzky, Compt. Remd. 213, 766 (1941). 

-Heidmann, Tohang-Fong, Jandsieaxj, and Strotjmsa, ibid. 225, 1144 

(1947). 

--and L’HijRiTiER, ibid. 219, 618 (1944). 

-and Riohard-Foy, ibid. 221, 466 (1945). 

-Nageotte, and L’BMiritier, ibid. 214, 545 (1942). 

-Tohang-Fong, Jannbah, and Morbllet, ibid. 266, 1897 (1948). 

Lewis, W. B., Proc. Comb. Phil. Soc. 30, 543 (1934). 

Lewis, L. G., Phys. Rev. 67, 230 (1946). 

Lovell, Proc. Roy. Soc. A 172, 668 (1939). 

-and Wilson, Nature, Lond, 144, 863 (1939). 

Ma, Phys. Rev. 62, 403 (1942). 

Maass, Ann. Physik, 27, 507 (1936). 

Massey and Corben, Proc. Camb. Soc. 35, 84 (1939a). 

-ibid. 35, 463 (1939 6). 

Maze, Thise, Paris (1941). 

McLennan and Burton, Phys. Rev. 16, 184 (1903). 

Medious, Z. Phys. 74, 350, 847 (1932). 

Meehlniokel, Hbhenstrahlung, Steinkopff, Dresden and Leipzig (1938). 
Mellekan and Bowen, Phys. Rev. 22, 198 (1923). 

-and Cameron, ibid. 31, 921 (1928). 

-ibid. 37, 236 (1931). 

-and Nbhbr, ibid. 47, 206 (1935). 

-ibid. 50, 16 (1936). 

-and Pickering, ibid. 61, 397 (1942). 

-ibid. 63, 234 (1943). 

Mitba and Rosser, Proc. Phys. Soc. 62, 364 (1949). 

MoLrfcRB, Natunuiss. 30, 87 (1942). 

Moller, Ann. Physik, 14, 631 (1932). 

-and Rosenfeld, Kgl. Dansk. Vid. Sel. 17 (1940). 

Montgomery and Montgomery, Phys. Rev. 47, 429 (1935 a). 

- Phys. Rev. 48, 786 (1935 b). 



BIBLIOGRAPHY 


439 


Montgomery and Montgomery, ibid. 56, 10 (1939). 

-ibid. 57, 1030 (1940). 

-Ramsey, and Swann, ibid. 50, 403 (1936). 

-Rosenberg, Cowie, and Montgomery, ibid. 56, 635 (1939)^ 

Morettb and Peng, Proc. Ir, Ac. 51, 217 (1948). 

Morgan and Nielsen, Fh^s. Bev. 50, 882 (1936). 

-ibid. 52, 568 (1937). 

Mott, Proc. Roy, Soc, A 124, 425 (1929). 

-ibid. A 135, 429 (1932). 

Myazaki (in the press) (1949). 

Myssowsky and Tuwim, Z. Phys, 34, 299 (1926). 

-ibid. 36, 616 (1926). 

-ibid. 50, 273 (1928). 

Nedeermeyer and Anderson, Phys. Rev. 54, 88 (1938). 

Nehbr, Rev. Sci. Inst. 10, 29 (1939). 

- and Harper, Phys. Rev. 49, 940 (1936). 

- and Pickering, ibid. 61, 407 (1942). 

- and Stever, ibid. 58, 766 (1940). 

Nbreson, ibid. 61, 111 (1942). 

-ibid. 73, 665 (1948). 

Nib, Z. Phys. 99, 453 (1936). 

Nielsen, Journ. Franhl. Inst. 226, 601 (1938). 

- and Morgan, Phys. Rev, 52, 668 (1937). 

- and Powell, W. M., ibid. 63, 384 (1943). 

Nishina and Ishtt, Nature^ Lend. 140, 774 (1937). 

-Takeuchi, Iohiniya, Phys. Rev. 55, 586 (1939). 

Nordheim, ibid. 53, 694 (1938). 

-ibid. 55, 506 (1939 a). 

-ibid. 59, 929 (1941). 

-and Hebb, Phys. Rev. 56, 494 (1939). 

Nordsieok, Lamb, and Uhlenbeck, Physica, 7, 344 (1940). 

OoOHiALiNi and Bates, Bristol Symposium (1948). 

- and Powell, Nature j Lond. 159, 186 (1947). 

Oppenheimbjr, Snyder, and Serber, Phys. Rev. 57, 75 (1940). 
Otis and Millikan, ibid. 23, 778 (1924). 


Pacini, Nuovo Cini. 3, 93 (1912). 

Peotzer, Z. Phys. 102, 23, 41 (1936). 

Pickering, Rev. Sci. Inst. 9, 180 (1938). 

Perkins, Nature, 159, 126 (1947). 

-ibid. 160, 707 (1947). 

Powell, C. F., Occhialini, Livbsey, and Chilton, 
(1946). 

-- and Rosenblum, Nature, 161, 473 (1948). 

Powell, W. M., Phys. Rev. 58, 474 (1940). 

-ibid. 60, 413 (1941). 


Journ. Sci. Inst. 23,102 


Ramsey, ibid. 57, 1022 (1940). 

-ibid. 61, 96 (1942). 

Rasbtti, ibid. 60, 198 (1941). 



440 


BIBLIOGRAPHY 


Rbgeister, E., Phys. Z. 31, 1018 (1930). 

- Nature, Lond. 131, 130 (1933). 

-and Ehmbrt, Z. Phys. Ill, 501 (1939). 

Regbistbr, V. H., Phys. Rev. 64, 260 (1943 a), 

-ibid. 64, 252 (1943 h). 

Bibnbb, ibid. 56, 1069 (1939). 

Richardson-, Nature, Lond. 73, 607 (1906). 

Robbrg and DSTordheim, Phys. Rev. 75, 444 (1949). 

Rochestkr, Nature 154, 399 (1944). 

- Proc. Roy. Soc. A 187, 464 (1946). 

-and Btjtlee, Nature, 160, 885 (1947). 

- Proc. Phys. Soc. 61, 307, 626 (1948). 

RoGOzmsKY, Phys. Rev. 65, 207, 291, 300 (1944). 

Rose and Ramsey, ibid. 59, 616 (1941). 

Rossi, Line, Rend. 11, 831 (1931 a), also Nature, Lond. 125, 636 (1930). 

-Z. Phys. 68, 64, also Nuovo dm. 8, 49 (1931 b). 

-Z. Phys. 82, 161 (1933). 

- Ric. Sot. 5, 669 (1934). 

- Int. Gonf. Physics, London, p. 233 (1934 c). 

- Rev. Mod. Phys. 11, 296 (1939). 

-ibid. 20, 519 (1948). 

-and Alocco, Acc. Line. Att. 21, 167 (1935). 

-and Benedetti, Ric. Sci. 5, 379 (1934). 

-and Geeisen, Rev. Mod. Phys. 13, 240 (1941). 

- Phys. Rev. 61, 121 (1942). 

-Stearns, Eroman, and Koontz, ibid. 61, 675 (1942). 

-and Hall, ibid. 59, 223 (1941). 

-Hilberry and Hoag, ibid. 57, 461 (1940). 

- JAnossy, Rochester, and Bound, ibid. 58, 761 (1940). 

- - and Klapmann, ibid. 61, 414 (1942). 

-and Nereson, ibid. 62, 417 (1942). 

-ibid. 64, 199 (1943). 

-andRBGBNER, V. H., ibid. 58, 837 (1940). 

Rumbaugh and Locher, ibid. 49, 855 (1936). 

Ruthbreord and Cook, ibid, 16, 183 (1903). 

Sawyer, ibid. 44, 241 (1933). 

-ibid. 47, 515 (1935). 

ScHEiN and Gill, ibid. 11, 267 (1939). 

- Iona, and Tabin, Phys. Rev. 64, 253 (1943). 

-Jesse, and Wollan, ibid. 59, 615 (1941). 

-WoLLAN, and Groetzinger, ibid, 58, 1027 (1940). 

-Yngre, and Kraybhl, ibid. 73, 928 (1948). 

Schindler, Z. Phys. 72, 625 (1931). 

SoHMEiSER and Bothe, Ann. Physik, 32, 161 (1938). 

Sohonberg, An. Ac. Brazil, 12, 281 (1940). 

-and OcoHiALiNi, Symposium, Rio de Janeiro (1943). 

ScHOPPER, Naturwiss. IS, 557 (1937). 

-and ScHOPPER, Phys. Z. 40, 22 (1939). 

ScHREMP, Phys. Rev. 54, 153, 158 (1938). 

ScBROEDiNGER, Nature, Lond. 153, 592 (1944). 

SOHWEGLER, Z. Phys. 96, 62 (1935). 



BIBLIOGRAPHY 


441 


SaHWiNGEB, Phys. Rev. 61, 387 (1942). 

Scott and Uhlbnbbck, Phys. Rev. 62, 497 (1942). 

Sen Gupta, Nature^ Lend. 146, 65 (1940). 

- Proc. Nat. Inst. Ind. 9, 295 (1943). 

Sbbbeb, Phys. Rev. 54, 317 (1938). 

Seben, ibid. 62, 204 (1942). 

Shapibo, Rev. Mod. Phys. 13, 58 (1941). 

Shutt, ibid. 61, 6 (1942). 

--Bbnedbtti, and Johnson, ibid. 62, 562 (1942). 

Simpson, G. C. and Weight, Proc. Roy. Soo. 85, 175 (1911). 

Simpson, J. A., ibid. 66, 39 (1944). 

Skobblzyn, Z. Phys. 43, 354 (1927). 

-ibid. 54, 686 (1929). 

—— G.R. USSR, 37, 141 (1942). 

-ibid. 42, 388 (1944 a). 

-ibid. 44, 142 (1944 b). 

Smowolinsky, Journ. Phys. USSR, 3, no. 2 (1940). 

Snydeb, Phys. Rev. 53, 960 (1938). 

Steabns, ibid. 49, 473 (1936). 

Steinbebger, ibid. 74, 500 (1948). 

Steinke, .2:. Phys. 42, 570 (1927). 

-ibid. 48, 647 (1928). 

- Phys. Z. 30, 767 (1929). 

-and Tielsoh, Z. Phys. 84, 425 (1933). 

Stetteb and Wambacher, Phys. Z. 40, 702 (1939). 

Stevenson and Street, Phys. Rev. 49, 425 (1936). 

Steveb, ibid. 61, 38 (1942). 

Stormeb, Z. Astr. Phys. 1, 237 (1930). 

- Astr. Norv. 1, 1 (1934). 

Street, Journ, Franld. Inst. 227, 765 (1939). 

- Woodward, and Stevenson, Phys. Rev. 47, 891 (1935). 

Swann, Phys. Rev. 44, 224 (1933). 

Tam and Belenky, Journ. Phys. USSR, 1, 177 (1939). 

- Phys. Rev. 70, 660 (1946). 

Taylor, Proc. Roy. Soc. A 150, 382. 

Tiiibaud, Gompt. Rend. 197, 237 (1933 a). 

-ibid. 197, 915 (1933 6). 

Ticho and Schein, Phys. Rev. 73, 81 (1948). 

Tinlot, ibid. 75, 519 (1949). 

Tiomno and Wheeler, Atnerican Scientist, 37, No. 2, 3 (1949). 

Tomonaga and Aiiaki, Phys. Rev. 58, 90 (1940). 

Tongioroi, Nuovo Oitn. 1, 96 (1943). 

Tbost, Z. techn. Phys. 16, 407 (1935). 

—-.Z;. Phys. 105, 319 (1937). 

Tbumpy, Uet DansJe. Vid. Sel. 20, no. 6 (1943). 

Vallabta, Phys. Rev. 47, 647 (1935). 

- Namre, Lond. 139, 24 (1937 a). 

-ibid. 139, 839 (1937 6). 

_ On the allov)ed> cone oj cosmic radiation, Toronto University Press ( )• 

-and Godabt, Rev. Mod. Phys. 11, 180 (1939). 



442 


BIBLIOGEAPHY 


Watagbxkt, Santos, and Pompeia, Phya. Rev, 57, 61, 339 (1940). 

Webb, PMh Mag. 19, 927 (1935). 

Weischedbl, Z. Phya. 101, 732 (1936). 

Weizsaokbb, ibid. 88, 612 (1934). 

Wbntzbl, ibid. 40, 590 (1927). 

Wbbnbe, ibid. 90, 384 (1934). 

Wheblbb and Labenbubg, Phya. Rev. 60, 754 (1941). 

WiLKENiNG and Kane, ibid. 62, 534 (1942). 

Williams, E. J., Ptoc. Roy. Soc. A 135, 108 (1932 a). 

-ibid. A 139, 163 (1933 a). 

- Nature, Lond. 131, 511 (1933 b). 

- Int. Gonf. Physica, London (1934 a). 

■ - Phya. Rev. 45, 729 (1934 b). 

- Sci. Prog. 121, 14 (1936). 

- Nature, Lond. 142, 431 (1938). 

- Proc. Camb. Soc. 35, 512 (1939 a). 

- Proc. Roy. Soc. A172, 194 (1939 6). 

-ibid. A 169, 531 (1939 c). 

- Phya. Rev. 58, 292 (1940 a). 

- Proc. Comb. Soc. 36, 183 (1940). 

-and Evans, Nature, Lond. 145, 818 (1940). 

-and PiczTJP, ibid. 141, 684 (1938). 

-and Eobbrts, ibid. 145, 102 (1940). 

Wilson, A. H., Proc. Camb. Soc. 36, 363 (1940). 

-ibid. 37, 301 (1941). 

Wilson, C. T. R., Proc. Camb. Soc. 11, 32 (1900). 

- Proc. Roy. Soc. A 68, 151; A 69, 277 (1901). 

-ibid. A 85, 285 (1911). 

- Proc. Camb. Soc. 22, 534 (1925). 

- Proc. Roy. Soc. A142, 88 (1933). 

Wilson, J. G., ibid. A166, 482 (1938). 

- Nature, Lond. 142, 73 (1938 a). 

- Proc. Roy. Soc. A 172, 517 (1939). 

-ibid. A 174, 73 (1940). 

- Nature, Lond. 158, 414 (1946). 

Wilson, V. 0., Phya. Rev. 53, 337 (1938), 

-ibid. 55, 6 (1939). 

-and Hughes, ibid. 63, 161 (1943). 

WoLLAN, ibid. 60, 532 (1941). 

WooDWAED, ibid. 49, 711 (1936). 

WuLE, Phya. Z. 10, 152 (1909). 

-ibid. 11, 811 (1910). 

Wynn-Williams, Proc. Roy. Soc. A 132, 295 (1931). 

Young and Steeet, Phya. Rev. 46, 823 (1934). 

-ibid. 52, 559 (1937). 

Yukawa, Proc. Phya. Math. Soc. Jap. 17, 48 (1934). 

-Kobayashe, Sakata, and Takietani, ibid. 20, 720 (1938). 

- and Sakata, ibid. 19, 1084 (1937). 

A comprehensive guide to the later literature is contained in Elementary 
Particle Physica including Cosmic Rays, by J. Tiomno and J. A. Wheeler (1949). 



AUTHOR INDEX 


Adams, 20. 

Aliohanjan, 429. 

Alichanov, 21, 429. 

Allen, 189. 

Alocco, 12, 260. 

Alphen, 24, 292. 

Altmann, 229. 

Anderson: cloud chamber, 66; meson, 13, 
19, 20, 120, 149, 190, 429; momentum 
measurement, 8, 18, 62, 69, 174; pho¬ 
tons, 166; positive electron, 13-16,144; 
protons, 146; showers, 9, 10. 

Araki, 192. 

Arley, 117, 161, 206, 222, 224r-6, 263, 265, 
399, 409-10. 

Auger: absorption anomaly, 21, 193; 
cloud chamber, 68; components, 12, 
226; meson decay, 22, 66, 190; showers, 
9, 260; showers, extensive, 28, 29, 318, 
327-8, 332, 342; showers, penetrating, 
348, 360, 369. 


Barber, 296, 312. 

Barbour, 423. 

Barn6thy, 6, 12, 21, 167. 

Barry, 296, 312, 314. 

Bartels, 297, 306. 

Bates, 423. 

Bayes, 373-4. 

Bearden, 61. 

Beardsley, 21. 

Behounek, 3. 

Belenky, 204, 222, 318, 324. 

Benedetti, 69, 186, 187. 

Bennett, 32, 33. 

Bemardini, 6,198,201,226-6,246,263,426. 

Berriman, 418. 

Bethe: collisions, elastic, 101, 107; colli¬ 
sions, radiative, 16, 108, 113, 133, 136, 
160; showers, extensive, 318, 321; 
ionization, 129; mesons, 121, 128-9; 
neutrons, 164. 

Bhabha; cascade theory, 17, 202-4, 212, 
222-4, 398, 399, 408; mesons, 122, 124, 
130; knock-on electron, 243. 

Biehl, 296, 312. 

Blackett; components, 18, 174; cloud 
chamber, 68, 61-6; meson decay, 120, 
182; momentum spectrum, 6, 8, 28, 69- 
72, 143, 169-71, 308; positive electron, 
13, 16-16, 144; protons, 19, 146, 345; 
scattering, 176; showers, 9-10; tem¬ 
perature effect, 21, 194. 


Blau, 27, 74, 418, 419, 426. 

Bloch, 101, 126, 136. 

Boggild, 11, 264. 

Bohr, 88-9, 91-2, 189. 

Booth, 124, 136. 

Bose, 27, 420, 422. 

Bostick, 27. 

Bothe, 7, 163-4, 232-3. 

Boukaert, 26, 282, 313. 

Bound, 162. 

Bowen, 23, 26, 238, 293, 296, 306, 344. 
Braddick, 27, 167, 269-60, 347, 358. 
Bradt, 48, 423, 430. 

Bridge, 36. 

Broadbent, 342, 360. 

Erode, 8, 19, 40, 67, 71, 146, 163. 

Brown, 427, 429. 

Bruins, 21. 

Bruyn, de, 37, 43-4. 

Burfening, 427-9. 

Burton, 1. 

Bush, 285. 

Butler, 117, 429. 

Cacciapuoti, 247, 263. 

Camerini, 427-9. 

Cameron, 4, 6, 33. 

Carlson, 17, 202-3. 

Carmichael, 11, 24, 293, 296, 302. 
Chadwick, 16. 

Chala*abarty, 204, 212, 222-3, 263, 303, 
398-9, 408. 

Chang, 428. 

Chapman, 297, 301, 306, 

Charminade, 22, 66, 190-1. 

Chilton, 74, 418, 420. 

Chou, 11. 

Chowdhuri, 420, 422. 

Christy, 262-3. 

Clay; geomagnetic effects, 23-6, 290, 292; 
intensity in the atmosphere, 24, 164; 
intensity under ground, 6-6, 12, 166-8, 
226, 236; showers, 233, 235; tempera¬ 
ture effect, 21, 194. 

Clementel, 408. 

Cocconi, 29, 329-30, 338, 340, 342, 360. 
Code, 176-6. 

Compton, 21, 23-4, 32-3, 194, 270, 290-1, 
293, 319. 

Conversi, 190-2. 

Cook, 1. 

Cooper, 292. 

Corben, 124, 130-1. 

Corlin, 4-6, 33, 291. 



444 


AUTHOE INDEX 


Corson, 67, 163. 

Cortini, 419, 426. 

Cosyns, 24, 37-9, 41, 43-4, 293, 332, 340, 
427. 

Come, 22, 190. 

Cowling, 301. 

Crane, 189. 

Crassard, 8, 143-4. 

Crawshaw, 5, 6, 12, 20, 192. 

Cuer, 420, 424. 

Curie, 16-16. 

Curran, 43. 

Dallaporta, 408. 

Danforth, 41, 312. 

Daudin, 27, 328-9, 332, 342, 348. 

Davies, 418, 429. 

De Felice, 419. 

Demers, 418. 

Dillworth, 419, 427. 

Dirao, 13, 15-16, 102. j 

Drigo, 260. 

Duperier, 21, 27, 194, 196, 346, 377, 
379. 

Du Toit, 412. 

Dymond, 24, 293, 296, 302. 

Eokart, 6, 48. 

Ehmert, 5-6, 12, 21, 166, 236, 260. 
Ehrenberg, 11. 

Ehrenfest, 8-9, 21, 69, 144, 174-5, 193, 
260, 328. 

Elster, 1. 

Epstein, 26, 301. 

Euler, 21, 27-8, 178, 196, 224, 243, 261, 
318, 333. 

Evans, 20, 185. 

Eyges, 319. 

Fermi, 26, 113, 189, 197, 269, 279. 

Ferretti, 93, 313. 

Fertel, 74. 

Festa, 198. 

Fisher, 373. 

Flood, 69. 

FoUet, 6-6, 12, 20, 192. 

Forbush, 34. 

Forr6, 5, 12, 21, 167. 

Fournier, 21, 193- 
Fowler, 420, 424, 427, 429. 

Franzinetti, 423. 

Freier, 14, 430. 

Fr4on, 21-2. 182, 191, 193, 328, 332, 342, 
346. 

Fretter, 27, 151, 264. 

Frisch, 45. 

FrohHch, 117-18, 121. 

Froman, 199. 


Funfer, 10, 73-4, 164. 

Furry, 224. 

Fussel, 27, 347. 

Gardener, 76, 344, 427-9. 

Geiger, 36, 73. 

Geitel, 1. 

Gemert, 6-6, 12, 154, 166-8, 226. 

George, 229, 426. 

Getting, 40, 49, 270. 

Gilbert, 10. 

Gill, 262. 

Gockel, 1-2, 4. 

Godart, 26, 293, 286, 301. 
Goldschmidt-Clermont, 422. 

Gordon, 101. 

Gorodetzky, 84, 150-1. 

Graziadei, 21. 

Greisen: absorption anomaly, 199; cas¬ 
cade theory, 204,212-14, 217, 408; colli¬ 
sion formulae, 126—7, 129, 133-5; 

intensity of soft component, 243-4, 246, 
262; penetrating particles, 29. 
Grivet-Meyor, 28, 318. 

Groetzinger, 167, 345. 

Gross, 139, 165. 

Hale, 301. 

Hall, 93, 199-201. 

Halpem, 93, 189. 

Hamilton, 28, 114, 126-6, 136, 344, 361. 
Harper, 40. 

Hayakawa, 173. 

Hazen, 27-8, 36, 63, 67, 145, 167, 173, 
254-5, 348. 

Hebb, 217. 

Heisenberg, 21, 27, 100, 113, 178, 196, 224, 
243, 261, 363. 

Heitler: atmospheric transition, 238, 302; 
cascade theory, 17, 202-3, 224; meson, 
neutral, 165; meson production, 28, 
114, 126-6, 146, 344, 361-2, 366; meson 
scattering, 124-5, 176; nuclear forces, 
117-18, 121; radiation damping, 76, 
125; radiative collisions, 16, 88, 108, 
113, 133, 135, 160; stars, 74, 427. 
Hensby, 27, 167, 347. 

Herzog, 8-9, 27. 

Hess, 2-3, 21, 36, 229. 

HHberry, 21, 197-8, 247, 330-2, 338-40. 
Hoag, 21, 197-8, 247. 

Hodson, 40, 42, 358, 412-13. 

Hoffmann, 3-4, 11, 31, 33-4. 

Hooft, 24, 292. 

Hewlett, 212. 

Hu Chien Shan, 231-2. 

Hughes, 8, 143, 150-1, 167-8. 

Hunter, 283. 



AUTHOR IlSTDEX 


U5 


Ingleby, 27, 55, 348, 350-1. 

Iona, 346, 348, 364. 

Ishii, 5. 

Iwanenko, 204. 

Janneau, 429. 

Jdnossy: cascade theory, 221; coincidence 
technique, 48, 55, 139; meson produc¬ 
tion, 28, 114, 126, 344, 364; photons, 
160-1; showers, 161, 229, 232, 260; 
showers, extensive, 342, 360, 363, 365; 
showers, penetrating, 27, 163, 348-51, 
353-6, 358, 360; sun’s magnetic field, 
26, 270, 301. 

Jason, 426. 

Jdanow, 426. 

Jesse, 225, 345. 

Johnson; asymmetries, 24-5, 292, 296, 
310, 312-14; directional distribution, 6; 
meson decay, 20, 185, 187; primaries, 
25, 27, 308, 344; technique, 55, 59. 

Joliot, 15-16. 

Jones, 8, 143, 169. 

Juttnor, 82. 

Kane, 40. 

Karkov, 11, 264. 

IMlog, 121. 

Kemmer, 117-18, 121. 

King, 422, 427. 

Klapmann, 243. 

Klein, 111, 114, 132-3. 

Klemperer, 73. I 

Kolhorstor, 2-5, 7, 28, 31, 33, 153-4, 167, 
318, 327. 

Koontz, 190. 

Korff, 37, 40, 73, 164. 

Kray bill, 312. 

Kulonkampff, 21, 193. 

Kunzo, 8, 13, 19. 

Kusaka, 262-3. 

Laby, 59. 

Lamb, 224. 

Landau, 138, 204, 208, 318, 324. 

Lapp, 329. 

Labtos, 13, 76, 344, 406, 408, 420, 423, 424, 
427-9. 

Lattimoro, 422. 

Lawson, 36. 

Leighton, 120, 429. 

Lemattre, 23, 26, 100, 266, 269, 273, 280, 
282, 285-6, 288-9, 313. 
Loprince-Ringuet, 8, 12, 84, 11/, 143, 
160-1, 260, 426, 429. 

Lewis, B., 45. 

Lewis, L. G., 329, 342. 

L’H<5ritier, 117, 143, 429. 


Lindholm, 11, 33-4. 
Livesey, 74, 418, 420. 
Livingstone, 128, 
Lloyd, 20. 

Locher, 74, 426. 
Lock, 418, 429. 
Lofgren, 14, 430. 
Lovell, 165, 329, 337. 
Loverdo, 328, 360. 


Ma, 124. 

Maass, 157. 

MoCaig, 229. 

McLennan, 1. 

McPhearson, 19, 146. 

Manfredini, 419, 426. 

Massey, 88, 124, 130-1. 

Matthes, 318. 

Maze, 22, 28,40, 48, 56,190-1, 318, 327-8, 
332, 342. 

Medious, 4. 

Miehlnickel, 23. 

Millikan; energy flow, 26, 238, 240, 298- 
300, 344; geomagnetic eflects in the 
atmosphere, 24, 293-6; geomagnetic 
eflects near sea-level, 23, 292, 310; 
intensity in the atmosphere,^ 3-^; 
intensity under ground, 6; ionization 
chamber, 33. 

Mitra, 328. 

Holler, 101, 119-22, 130, 165, 176, 360. 

Moli^re, 324. 

Montgomery, C. U. and D. D.; bursts, 11- 
12, 227-8, 259-61; counter geometry, 
255-8; counter technique, 37, 73; meson 
decay, 22, 190; neutrons, 164. 

Montgomery, T>. B., 312. 

Morellet, 429. 

Morgan, 231-2, 265. 

Mott, 88, 101, 131. 

Muirhead, 406, 418, 422, 423, 427—9. 

Muller, 36. 

Myazaki, 166. 

Myssowsky, 4-5. 


Tageotte, 143. 

^eddermeyer, 8-9, 13, 18, 19, 144, 14 , 
149, 174. 

sTeher; absorption anomaly, 21, 197; 
geomagnetic effects, 24, 26, 292—4, 

300, 310, 312; intensity in the atmo¬ 
sphere, 23, 238, 240, 295-6, 344; tech¬ 
nique, 40, 43, 45. 

JTereson, 22, 48, 56, 161, 190-2. 

N’ey, 14, 430. 

1 Ck j ji 


Nie, 11. 

Nielsen, 161,231—2, 265. 



ATTTHOB INDEX 


i46 

Nishina, 6, 111, 132-3, 151. 

Nordheim, 17, 26, 119, 217, 238, 302, 306, 
318, 321, 323, 344. 

Nordsieok, 224. 

Occhialini, 9, 13, 16-16, 64, 66, 74, 144, 
406, 408, 418-20, 423, 427. 

Oppenheimer, F., 430. 

Oppenheimer, J. R., 17, 130, 202-3. 

Owen, 414, 416. 

Pacini, 1. 

Panoini, 192. 

Payne, 419. 

Peng, 28, 114, 126-6, 136, 146, 165, 176, 
344, 361, 366. 

Perkins, 423, 426. 

Peters, 14, 423, 430. 

Petr^ilka, 43. 

Pforte, 11, 34. 

Pfotzer, 24, 226, 236, 293. 

Piecioni, 190-2. 

Pickering, 24,43,240,293-6,298-300,310. 
Pickup, 13, 72, 151. 

Placzek, 164. 

P61ya, 224, 399. 

PoweU, C. P., 13, 74, 120, 185, 406, 408, 
418, 420, 423, 427-9. 

Powell, W. M., 27, 161. 

Present, 37, 40. 

Przibram, 69. 

QuerzoU, 247, 253. 

Rabi, 121. 

Ramsey, 22, 37, 40-2, 121, 190. 

Rasetti, 22, 56, 162, 190-2. 

Rau, 20. 

Regener, E., 6, 12, 166, 235, 238. 

Regener, V. H., 27, 65-6, 162, 348, 364. 
Ribner, 292. 

RiohariPoy, 429. 

Richardson, 1, 428. 

Ritson, 418, 427-9. 

Roberg, 318, 323. 

Roberts, 13, 20, 186. 

Robley, 28, 327. 

Rochester, 27, 117, 162-3, 348, 354-6, 
368-60, 429. 

Roesoh, 266, 312. 

Rogozinsky, 369-60. 

Rose, 42. 

Rosenberg, 12, 226. 

Rosenblum, 423. 

Rosenfeld, 119-22, 165, 176, 361. 

Rosser, 328. 

Rossi: absorption anomaly, 21, 197-200; 
absorption in metals, 7, 11-12, 154, 


166-7; cascade theory, 204,212-14,217, 
411; coincidence technique, 36, 46, 48, 
52, 66, 227; collision formulae, 126-7, 
129, 133-6; geomagnetic eifects, 24r-B, 
269, 279, 292; intensity of soft com¬ 
ponent, 243-4, 247, 262; meson decay, 
22, 190-2, 200-1; meson production, 
344, 368; non-ionizing rays, 168, 160-2. 
Rumbaugh, 74, 426. 

Burner, 204, 208. 

Rutherford, 1. 

Sawyer, 10. 

Sehein, 167, 192, 225, 262, 312, 346-8, 
364. 

Scherrer, 8-9, 48. 

Schindler, 4. 

Schmeiser, 232-3. 

Sch6nberg, 204, 408, 427. 

Schopper, 74, 426. 

Schremp, 24-6, 286, 292. 

Schrodinger, 48. 

Schwegler, 230. 

Schwinger, 120, 408. 

Scott, 224. 

SerifiP, 120, 190, 429. 

Sen Gupta, 67, 162-3. 

Serber, 130, 204. 

Seren, 260. 

Shapiro, 418. 

Shonka, 48. 

Shutt, 20, 69, 176-6, 186, 187. 

Simpson, G. C., 2, 4. 

Simpson, J. A., 42, 412. 

Skobelzyn, 7-9, 163, 318, 343. 
Smowolinsky, 124. 

Snyder, 130, 204. 

Sokolow, 204. 

Starr, 19, 146. 

Steams, 10, 199. 

Steinberger, 120, 190. 

Steinke, 4, 11, 33. 

Steinmaurer, 21. 

Stetter, 426. 

Stevenson, 7, 9, 11, 66, 164, 166. 

Stever, 21, 37-8, 40, 197. 

Stdrmer, 23, 26, 266, 270-1, 273, 276, 
278-9, 281-8. 

Street, 7, 9, 11, 24, 154-6, 261, 292. 
Strong, 49. 

Swann, 25, 269. 

Tabin, 346, 348, 364. 

Tamm, 192, 204, 222. 

Taylor, 420. 

Tchang-Pong, 429. 

Thibaud, 15-16. 

Thomson, 91. 



AUTHOR INDEX 


447 


Ticho, 192. 

Tielsoh, 11. 

Tinlot, 368. 

Tomonaga, 173, 192. 

Tongiorgi, 164, 360. 

Treat, 29. 

Trost, 37, 40. 

Trumpy, 161, 265. 

Turner, 21, 194. 

TuTvim, 4-6. 

Tzu, 221. 

Uhlenbeck, 224. 

Vallarta, 23-6, 266, 269, 273, 279, 280, 
282-6, 288-9, 301, 313. 

Vermaesen, 427. 

Walker, 229. 

Walsh, 28, 126, 362. 

Wambaoher, 27, 74, 418, 426. 

Wataghin, 27, 348-60. 

Watson, 369. 

Webb, 62. 

Weber, 318. 

Woischedel, 166. 

Weissenberg, 429. 

Weizsiloker, 88, 108, 112. 

Wentzel, 101. 

Wergeland, 28, 318. 

Werner, 37-8. 


Weyl, 16. 

Whiddington, 91. 

Wilkening, 40. 

Williams, E. J.; collisions, 88, 93, 96, .99- 
101, 106-6, 108, 112; components, 146, 
243; energy loss, 136, 238; Gross trans¬ 
formation, 139; meson decay, 13, 20, 
185; meson mass, 161; momentum 
spectrum, 8, 170, 261-3; radiation, 76; 
scattering, 71-2, 130-1, 150; sensitive 
time, 60. 

Wilson, A. H., 76, 124-5, 136. 

Wilson, C. T. R., 1, 7, 66, 62-3. 

Wilson, J. G.: cloud chamber, 66, 70-1; 
energy loss, 18,144,174,260; extensive 
showers, 36, 329, 337; mesons, 161, 
174-6; momentum spectrum, 8, 72,169- 
70. 

Wilson, V. C., 6, 12, 166-8, 224, 236-6. 

Wollan, 27, 32-3,167, 225, 345. 

Woodward, 7, 10-12, 154-6, 234, 261. 

Wright, 2, 4. 

Wulf, 1-2. 

Wyxm-WiUiains, 44-5. 

Yngre, 312. 

Young, 11, 261. 

Yukawa, 13, 20, 76, 113—14, 117—19. 

Zacharias, 121. 



SUBJECT INDEX 


a-partiole, 28, 36, 73, 74, 76, 408, 427, 430. 

A priori probability, 257. 

Aberration, 80, 270. 

Absorption in lead, 3, 4, 11, 154, 168, 173. 

— anomaly, 21,22,192,193,196,201, 260. 

— coefficient, 2, 3, 4, 29, 137, 242, 356-8. 

— curve, 5. 6, 160, 165, 173, 197, 232, 233, 

353. 

— function, 6, 138, 166, 213, 253. 
Accidental, 47-9, 165. 

Adiabatic, 56, 59-70. 

Aeroplane, 292, 293, 332. 

Age of track, 61. 

Air density, 179, 261, 304, 321, 323, 333, 
367. 

— pressure, 2, 4, 332, 368, 383, 385. 
Alcohol, 37, 39, 40, 48, 60. 

Allowed cone, 281-6, 288, 313. 

— direction, 274-6, 278, 279, 298. 
Aluminium, 67. 

Amplitude, 383, 386. 

Angular momentum, 271. 

— spread, 318, 321-2. 

Annihilation, 16. 

Anomalous absorption of y-rays, 60. 

— scattering, 176. 

Anticoinoidence, 60-4, 68, 162, 190-2,199, 
200, 366. 

— arrangement, 168, 163, 199, 356. 

— counter, 166, 158-60, 162, 365. 

— genuine, 169, 160, 162, 163. 

— spurious, 159, 163. 

Apparent life, 22, 177, 201. 

Argon, 33, 69. 

Aortificial pulses, 49. 

Asymmetry, 24, 290, 292, 296, 309-12; see 
also east-west, north-south. 
As 3 nnptotic orbit, 273, 288, 289. 
Atmosphere, 25, 179,193-6, 202, 213, 225, 
237, 238, 249, 266, 298, 304, 305, 309, 
314, 317, 321, 342, 344, 345, 357, 362. 
Atmospheric transition, 236-42, 302. 
Atomic electrons, 91, 92. 

— radius, 91. 

Aurora borealis, 25. 
j8-activity, 76, 113, 119. 
j8-decay, 20, 119, 120, 122, 189. 
j8-particle, 14, 120, 189. 

Balloon, 2, 24, 235, 292-4, 296. 

Banded spectrum, 26. 

Barometer effect, 4, 194-6, 332, 340, 367, 
358, 383. 

Bayes’s theorem, 373, 374. 

Be^ 189. 


Bessel function, 369. 

Bethe-Heitler theory, 17, 18, 160, 161. 

Bias, 65, 67-8, 328. 

Binding force, 91, 92. 

Bloch formula, 126, 136, 200. 

Bohr radius, 93, 99. 

Boron, 73, 74, 164. 

Bound electron, 92. 

Boimdary, 273, 276-8, 286, 289. 

— condition, 223. 

Bounded orbit, 274-6, 278, 286. 

Breadth of track, 61, 69. 

Breakdown, 18, 113, 189, 190. 

Burst, 11, 12, 30, 34-6, 227, 228, 237, 265- 
6, 269-63, 329, 342, 343. 

— coincidence, 329, 342, 343. 

— chamber, 254^6. 

Camera, 58, 69, 62. 

Canonical coordinates, 266. 

Capture, 22, 162, 192. 

Carbon, 197. 

— arc, 62. 

Cascade computations, 391. 

— maximum, 220, 221. 

— shower, 17, 28-9, 145, 202-4, 211, 213, 

224, 230, 241-4, 249-56, 259-65, 302- 
4, 314, 315, 318-26, 329, 330, 340-3, 
346, 347, 349-63, 365, 392. 

— theory, 202-5, 238, 240, 258, 302, 330, 

338, 391-411. 

— unit, 205, 235, 237, 245, 264, 314-16, 

319, 323, 331, 342, 349-61, 355, 391, 
410. 

Catastrophic absorption, 137. 

Cathode follower, 412-15. 

Cauchy’s theorem, 215. 

Cenco counter, 43. 

Centre of gravity, 103, 216. 

— magnetic, 292, 297, 306. 

Characteristic impedance, 413. 

Charged particle, 14, 16, 141, 297. 

Circular orbit, 273, 286. 

Classical, 100, 101, 106, 107, 109-11, 122. 
Cloud chamber, 7, 8, 13, 20, 27-8, 66-73, 
141, 152, 328-30, 334. 

— photograph, 10,13, 28, 69, 62, 173, 185, 

187, 189, 227, 254, 328-30, 333, 347-8, 
360. 

Coincidence, 7, 9, 10, 46-56, 163-9, 166-8, 
227-9, 255-7, 264, 293, 326-32, 338-9, 
346, 349, 350. 

— experiment, 7, 154. 

Collecting area, 329. 

— electrode, 30, 31, 34. 



SUBJECT INDEX 


449 


Collecting time, 36. 

Collision, 76 ff.: see also elastic, inelastic. 

— close, 95, 109, 130. 

— distant, 91, 93, 96-7, 107. 

— parameter, see impact parameter. 

— radiation, 112, 113, 133, 144. 

Complex integral, 213, 391. 

Com;gosition, 167. 

Compton effect, 87. 

— electron, 163. 

— meter, 33, 34. 

— scattering, 318, 319. 

Condensation nucleus, 66-8. 

Conservation, 88, 89, 120, 189, 190. 
Continuous recording, 30, 34. 

Convection current, 70. 

Coordinate system, 76. 

Core of shower, 340, 341, 359. 

Correlation, 194-6, 386-90. 

Coulomb, ffeld, 79, 99, 106, 108, 109. 

— interaction, 100-2, 175. 

— scattering, 71, 72, 150, 175, 318. 

Counter control, 9, 60, 61, 64-8, 348. 

— telescope, 64, 293, 296, 312. 

Creation of particles, 88. 

Critical energy, 205, 222, 242, 264, 340. 
Cross-section for energy loss, 90. 

— for scattering, 90, 123-5, 130, 131, 176. 

— for shower production, 231, 232, 347. 
Curvature, 13, 15, 68-72, 142-4, 150, 174, 

185, 314. 

— measurement, 69, 70. 

—- spurious, 71, 72, 150. 

Cut-off, 26, 237, 242, 299, 302; see also 
latitude cut-off. 

Cylindrical coordinates, 271. 

8-rays, 418, 421. 

Dead time, 38, 41, 42, 53, 408. 

Decay, 21, 68, 120, 136, 152, 177-201, 245, 
248, 249, 304. 

— P; 424. 

— electron, 21, 182-92, 202, 237, 243-52, 

259-62, 304, 315, 342, 362, 

— /A-meson, 425. 

— probability, 180-2, 197, 243. 

— 7 r-/x, 185, 423-45. 

— spectrum, 248-51, 261, 414. 

Delayed, 48, 56, 62, 66, 153, 190-2. 
Density distribution, 324-6, 329, 333, 338, 

397. 

— of particles, 267, 324, 328, 329, 333-41. 
Depth-ionization, 166, 305. 

Deuteron, 118. 

Diatomic, 59. 

Differential analyser, 285. 

— equation, 210, 211. 

Diffusion coefficient, 61, 60. 

— equation, 207, 208, 211. 

3595.40 ( 


Dipole, 24, 266, 270, 271, 273, 276, 292, 
297, 301. 

— interaction, 121. 

— moment, 270, 276, 297. 
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— photographic, 150, 415, 416. 

Energy, 16, 17, 28, 78. 

— flow, 81, 82, 214, 238, 240, 298-300, 306, 
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198, 226-7, 237, 264, 260, 304, 306, 
309, 311-13, 316, 317, 344, 361. 
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— ionizing, 10, 348. 
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History, 319. 

Hole, 13, 16. 

Homogeneous, 178, 179, 194, 319, 321. 
Hydrogen counter, 37, 39. 

Hyperbola, 273, 274. 
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Impact parameter, 88, 89, 92, 95, 96, 100, 
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Initial condition, 212, 213, 285. 
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Instability, 13, 20, 21, 119, 194, 306, 309. 
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Ion condensation limit, 59. 
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136, 143, 144, 146, 160, 161, 163, 238, 
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— chamber, 3, 5, 23, 30-6, 166, 227, 269. 

329. 

— density, 13-16, 19, 28, 142-6, 153, 174. 
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356. 

— primaries, 356, 357, 363, 364. 

— secondaries, 154, 156, 158, 160, 162, 
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Klein-Nishina formula. 111, 113, 132, 133. 
Knock-on, 86, 243, 246-60, 262, 260, 262, 
347, 349, 350, 352, 353. 

— spectrum, 248, 251, 252. 
Laplace-Poisson equation, 114. 

Laplace transform, 208-10, 214, 217, 222, 

371-3. 

Large-angle scattering, 95, 96, 105, 131, 
176, 176. 

Lateral spread, 318, 319, 321-3, 327, 333, 
360. 

Latitude, 276, 277; see also geomagnetic 
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— cut-off, 24, 293, 300, 306, 313. 

— effect, 23-6, 266, 289-93, 297-306, 308- 

11, 313, 362. 
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— sensitive, 301, 306, 316. 

Lens, 70, 71. 

Light source, 58, 69, 62. 
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Line of force, 282. 
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Liouville’s theorem, 267-9. 

Local, 342, 365, 367, 359, 360. 

Logarithmic increase, 142, 146, 163. 
Longitude, 276; sec also geomagnetic 
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— effect, 289, 292, 293, 295, 307, 311, 
Longitudinal meson, 116. 

— spread, 215. 

Lorentz contraction, 77, 110. 

— force, 266. 

— transformation, 80, 82, 113, 182, 184. 
Low energy photons, 404. 

Magnetic centre; see centre. 

— curvature; see curvature. 

— deflexion, 418-19. 

— field, 7, 8, 15, 68, 70-2, 192. 

-of a dipole, 25. 

— — of the earth, 17, 22, 24, 266, 275, 289, 

290, 292, 297, 314. 

-of the sun, 26, 270, 301, 313. 


Main cone, 283, 288, 289. 

Mass determination, 16, 84, 144, 150, 419, 
421-2. 

Mass-proportional, 168, 192, 233. 

Master pulse, 55, 56, 190, 411, 413. 
Maximum (of transition effect), 226, 229, 
230, 237, 254, 265, 302, 303, 332. 

— detectable momentum, 72. 

— transferable energy, 85, 91, 94, 245, 247. 
Mean life ; see half-life. 

— square deviation, 368, 373. 

-displacement, 131, 224, 319, 321. 

Mechanical recorder, 35, 36, 42, 43. 

Mellin transform, 208—10, 213, 215. 
Memory circuit, 46. 

Mercury vapour, 62. 

Meridian plane, 271, 272, 277. 

Meson, 12, 13, 18-22, 26-9, 66, 76, 76, 
113-31, 136, 141-3, 146-53,162, 169- 
70, 177-201, 237, 243-52, 262, 263, 
303-9, 315, 317, 330, 344-65. 

— artificially produced, 423, 425. 

— component, 26, 143, 202, 203, 303, 344- 

65. 

— field, 76, 76, 114-18, 121, 125. 

— mass, 20, 116, 117, 120, 149-51, 190. 

— mean life of the tt-, 424. 

— spectrum, 18, 169, 170, 173, 249, 262, 

362. 

— spin, 118, 119, 122, 237, 262, 262, 263, 

361. 

— g-, 13, 19, 20, 21, 22, 112, 114, 119, 120, 

123, 161, 173, 185, 201, 263, 423-5. 

— TT-, 13, 20, 76, 112, 114, 119, 120, 123, 

161, 186, 201, 263. 

— (T-, 414, 423-5. 

— T-, 425. See also vector, longitudinal, 
neutral meson. 

Meteorology, 196. 

Minimum of ionization, 142, 144, 146, 163. 
Molecular aggregates, 67. 

M 0 Ilor-Rosenfold theory, 122, 165, 176, 
263, 300. 

Momentum, 23, 26, 77, 78, 82, 83,150,165, 
182, 189. 

— loss, 8, 18, 85, 173, 174, 179, 188. 

— measurement, 70-2, 165. 

— spectrum, 8, 67, 155, 169-73. 

— transfer, 86, 89, 103, 107. 

Monatomic, 32, 59, 60. 

Mountain lakes, 4. 

Multiple charge, 426. 

— correlation, 388-90. 

— scattering, 95, 96. 

Multiply-charged particles, 14, 94, 418. 
Multivibrator, 40. 

g-decay; see decay. 

Negative electron, 13, 141, 266, 312, 316. 



452 


SUBJECT INDEX 


Negative energy, 16, 16. 

— proton, 19, 

Neher-Harper circuit, 39, 40, 408. 

Neon indicator, 55, 56, 348, 350, 412-13. 
Neutral meson, 117, 118, 121, 141, 165, 
192, 360, 361. 

Neutretto, see neutral meson. 

Neutrino, 13, 20, 119, 120, 141, 164, 182, 
189, 190, 238, 244, 425. 

Neutron, 29, 73-6, 117, 141, 148, 162, 164, 
343. 

Non-Coulomb force, 100. 

Non-ionizing, 7, 10, 61, 153-65, 355-9. 

— primaries, 156, 157, 345, 346, 356, 357, 

363, 364. 

Non-ohmic, 39. 

Non-re-entrant, 288. 

Normal, 377-82, 384-6, 388, 

North-south asymmetry, 25, 281, 282, 290, 
308, 313. 

Nuclear disintegration, 10, 28, 74. 

— forces, 423. 

— radius, 113. 

Nucleon, 20, 75, 76,113,120, 176,192, 344, 
361-4. 

Nucleus, 102, 103, 108, 347. 

— geometrical cross-section of, 423. 

Null method, 69. 

Numerical integration, 285. 
One-dimensional, 318. 

Orbit, 269, 271-7, 285, 289. 

Organic vapour, 37, 40. 

Origin, 22, 26, 27, 202, 242, 344 ff. 
Oscillating orbit, 274, 287. 

Outer periodic orbit, 286, 288. 

Barabola, 385. 

Paraffin, 346, 347. 

Parameter, 220, 257, 277, 335, 392. 

Parent, 319, 320, 322. 

Penetrating component; see hard com¬ 
ponent. 

— extensive showers, 330, 342, 343, 355, 

359, 360, 365. 

— non-ionizing rays, 162, 163, 168, 358. 

— particles, 17-19,149,168, 225, 230, 317, 

330, 348, 350, 360, 363. 

— radiation, 1, 2. 

— showers, 27-9, 68, 149, 342, 347-59, 

363, 414, 423. 

Pentagon, 232. 

Penumbra, 283, 284, 289, 292. 

Periodic orbit, 273-5, 286, 288. 

Phase velocity, 116. 

Photo cell, 39, 296. 

Photo-electric effect, 131, 132. 
Photographic plate, 27,414-16,418,422-3. 
Photon, 10, 15-17, 40, 75, 87, 88, 131-7, 
166, 160-2, 185, 202-4, 206, 207, 213, 


217, 218, 221, 236, 318-20, 340, 346, 
366, 357, 365, 391, 392, 394, 396, 
402-4. 

Piston, 58, 66, 70, 71. 

Plateau, 36, 37. 

Plural scattering, 95. 

Point counter, 36, 73. 

— nucleus, 99. 

Poisson distribution, 224, 366-9, 374, 377, 
399, 406. 

P61ya distribution, 224, 399, 405. 
Polyatomic, 59. 

Porous diaphragm, 62. 

Positive electron, 13-16, 141,144,255,312, 

314, 316. 

— excess, 8, 143. 

— primaries, 308, 311, 312, 314, 316, 317. 
Power, 8, 11, 25, 166, 217, 235, 237, 249, 

255, 329, 343, 360. 

Pre-expansion track, 63. 

Pressure-change apparatus, 63. 

Primary (cosmic ray), 23, 26,181, 182,196, 
240, 266, 289, 297, 298, 305-17, 319, 
344-6, 356. 

— electrons, 17, 202, 236, 237, 247, 261, 

262, 302-4, 315, 392. 

— energy, 169, 241, 242, 316, 333-5, 341, 

349, 361. 

— protons, 27, 308, 315, 316, 344, 363. 

— soft component, 227, 237, 304, 312, 313. 

— spectrum, 213, 236-42, 261, 262, 299- 

301, 315, 316, 334, 362. 

Principal periodic orbits, 286. 

Prism, 69. 

Probability, 366, 369-74, 378, 389, 400. 
Production of electron pairs, 16, 17, 88, 
135, 136, 145, 162, 204, 206, 207. 

— of mesons, 27, 28, 125, 126, 147, 148, 

162, 344-8, 360-4. 

— of secondaries, 94, 129, 130, 245. 

— of showers, 18, 161, 231, 233, 346, 354, 

355. 

Projected, 90, 97, 175. 

Proper life, 22, 177, 201. 

Proportional counter, 73, 74. 

Proton, 13, 16, 19, 25, 73-5, 117, 136, 141, 
142, 145-9, 153, 174, 298, 308, 313, 

315, 316, 330, 344, 363, 423. 

Pseudo-scalar, 119, 121, 122, 360, 361. 
Pseudo-vector, 119. 

Pulse shaping circuit, 410-11. 

Quadripole moment, 121. 

Quantum theory, 101, 107, 116, 125. 
Quenching, 36, 39, 40. 

Q-potential, 272, 277, 286. 

Radiation damping, 76, 124, 125, 176, 360. 
Radiative collisions, 108, 113, 133-6, 144r- 
6. 174, 202-5, 222, 262, 319. 
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Badio chlorine, 189. 

Badioactivity of the ground, 3. 

Radius of curvature, 69, 71. 

— of earth, 297, 307. 

Bandom, 8, 10, 48, 64, 65, 67, 191, 368. 
Bange, 6, 147, 154, 181, 232, 416. 

— of electrons, 162, 203, 245. 

— of mesons, 127, 128, 177-80. 
Bange-momentum relation, 127, 150, 172, 

173, 178, 179, 185. 

Recoil, 83-9, 98, 120, 150. 

Recombination, 32. 

Recovery time, 38, 39, 41, 42. 

Re-entrant, 288, 289. 

Regression coetfieient, 340, 383, 384, 388, 
389. 

Relativistic mass, 77, 266, 267. 

Resetting time, 43, 68. 

Residual ionization, 4. 

Residuum, 216, 217. 

Resolving time, 47-9, 61, 62. 

Rest-energy, 77, 84, 85. 

Rest-mass, 9, 14, 18, 19, 77, 88, 143, 144, 
149, 266. 

Rest-system, 79, 81, 82, 108, 109, 113. 
Rossi circuit, 46-50, 53, 54, 410-11. 

— transition, 10, 229, 233, 234, 263. 
Run-away electron, 7. 

Rutherford formula, 102-6. 

Saddle-point, 219-21, 258, 325, 334, 391, 

399. 

Saturation, 230. 

voltage, 32, 33. 

Scalar theory, 118. 

Scale-of-two, 44, 45. 

Scaling, 43-5. 

Scanning, 415. 

Scattering, 90, 98, 122, 130, 131, 157, 159, 
175, 176, 229, 254, 319, 320, 323, 418- 
19, 421. 

— angle, 82-5, 94—100, 104, 175, 176, 314, 

319. 

Screening, 98, 99, 112, 205, 206. 

Sea-level, 2, 5, 26, 141, 163, 193, 242, 246, 
250, 290, 304-7, 325, 337, 341, 348, 
363, 364. 

Second maximum, 11, 229. 

Secondary, 3, 10, 17, 153, 204, 229, 254, 
306, 346. 

— electron, 17, 38, 40, 84, 145, 342, 347, 

393. 

— soft component, 12, 227, 237. 

Secular, 381, 387, 388. 

Self-recording, 54-6, 348, 411. 
Self-reversing orbit, 286. 

Semi-classical, 18. 

Sensitive time, 60, 61, 65. 

Shadow, 25, 279, 281-6, 289. 


Shielding; see screening. 

Short range, 20, 75, 106, 116, 176. 
Short-lived meson, 201, 263, 361. 

Shower, 8-12, 18, 27-30, 49, 54, 67, 166-8, 
227-37, 254-62, 346-60. 

— intensity, 12, 234-6, 261. 

— particles, 14, 15, 232, 233, 330. 
Significant, 366, 376, 377, 385, 386. 

Simple strain, 60. 

— shadow cone, 283, 284, 289. 
Singly-charged, 142, 298. 

Singularity, 209, 216-18. 

Size distribution, 11, 227, 228, 237, 256, 
258, 259, 263. 

Slope, 231, 264. 

Slow counter, 42. 

— meson, 19, 20, 68, 71, 149, 151, 162, 179, 

181, 245, 247. 

— neutrons, 73, 74, 163, 164. 

— particles, 28, 73, 147, 185. 

— protons, 19, 146. 

Soft component, 11, 12, 17, 202-65, 302-5, 
311-17, 362, 365. 

Solenoid, 8. 

Solid earth, 279, 281, 285, 287. 

Source, 270. 

Space charge, 38, 40. 

Specific heat, 61. 

Spectrum; see electron, meson, momen¬ 
tum, etc. 

Spin, 94, 114, 120, 130, 131. 

— of the meson, 118, 122, 131, 237, 245, 

252, 262, 263, 360, 361. 

Spiral, 273. 

Split cathode, 40. 

Spontaneous, 177. 

Spread of discharge, 40. 

/5?-state, 118, 121. 

Standard deviation, 36, 371, 376, 385, 386, 
388-9. 

Star, 28, 74, 422-4. 

Starting potential, 36, 39. 

Stationary, 101. 

Statistical, 35, 36, 203, 296, 366-90. 
Statistics, 366. 

Stop fimction, 324, 339. 

Stochastic, 204. ^ 

Stokes’s law, 70. 

Stbrmer cone, 276-85, 299-313. 

— theory, 25. 

— unit, 270, 289, 297. 

Straggling, 138, 416. 

Strong coupling, 124. 

Supersatiiration, 56, 58-61. 

Suppressor grid, 46. 

Survey, 23-5, 293, 

Systematic, 377, 380-2. 

Tail, 229, 230, 233-6, 326. 
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Temperature effect, 21, 27, 194-7, 333, 
344, 

Terrestrial, 2. 

Tertiaries, 315. 

Thermal conductivity, 61. 

Thinly ionized, 144, 149. 

Thomson cross-section. 111, 122, 132. 
Thunder cloud, 7. 

Thyratron; see gas-lilled relay 
Time constant, 410. 

— contraction, 22, 177, 201. 

— of collection, 36. 

— of collision, 92, 107, 109. 

Track, 19, 28, 57-66, 70-4, 254, 328. 
Trajectory, 284, 285. 

Transition, 3, 4, 10, 11, 27, 168, 229-31, 
233, 234, 263-5, 303, 328, 353, 354, 
357, 358, 364. 

Transverse meson, 122, 361, 362. 
Triangular, 227, 228, 232, 255. 

Trigger(ing), 61, 64, 152, 187. 

Triple knock-on, 352. 


Tungsten filament, 62. 

Turbulent, 70. 

Ultra y-rays, 6, 7. 

Ultra rays, 7, 

Unbounded orbit, 274, 275. 
Uncertainty, 100, 109, 111. 
Underground, 5, 167, 247, 347. 

— intensity, 12, 165, 167, 227, 235, 243. 
Upper limit, 144, 146, 149, 283. 
Uranium, 33. 

Validity, 76, 161, 238. 

Vector meson, 118, 122, 263, 360. 

— potential, 78, 266. 

Virtual meson, 123. 

Volume change apparatus, 63. 

Water vapour, 56, 57, 60, 66. 

Wave packet, 109, 112, 116. 
Wavelength, 80, 81. 

Width of track; see breadth of track. 
Yukawa’s theory, 13, 20, 76, 113, 114. 
Zero current, 5. 

— measure, 285. 



PLATE 1 






a. LilTiiaod t.raok 
(|)lioti()gra])li, VV. lla'/oii) 




h. Ponotrating particle 
(J. O. Wilson) 











PLATE 2 



c. Decaying meson (Shutt, Benedetti, and 
Johnson, 1942) 


(1. Slow meson (Neddorinoyor and 
Anderson, 1942) 





e. linock-on shower (?) (Shutt, 1940) 

















PLATE 3 



li. b^xtoMHivo air aliowor 
(Wilwoii and Lovell) 



































PLATE 6 



Mieropliotograph of fi-decay. A Tr-niosoii is 
brought to rest in the photographu; onuilsi(^ii. 
From the end of the 7r-trac;k a ja-traok 
emerges. For convenience of reproduction 
the ^-track is presented in two parts; tlu^ 
right-hand track shows the end of the rangt^ 
of the /i-meson. This should be joined at the 
point P to the left-hand part of the photo¬ 
graph (Powell and Occhialini) 



rLA-LHi i 



a. Mioroiihotognipli of 
the dooay of a Tr-inoson. 
into a /x-inosoii foliowod 
by the decay of tho 
mesoii into a light par¬ 
ticle, presunuibly an elec¬ 
tron I Powell and others 


h. Mic-roi)hotograj)h giving evidence for the existence of 
th(^ T-inoson of mass about l,000Wg. (Brown, Camerini, 
Kowlor, Miiirhoad, Towell, ainl Ritson, 1949) 

The T-inoson giving rise to tho track ‘/s’, is brought to 
rest at A and disintegrates into throe charged particles: 
two of them (a, b) are fast, the third is slow and is pre¬ 
sumably a TT-inesoii. The 7 T-meson is stopped at JB giving 



PLATE 8 











PLATE y 



Cloud cliiiinluir |)lu)t()^ra.j)lis of sliowor ptisHin^ t hrough sixtooii suc(*,ossivo load plates 

(W. B. l^'nUtor) 



























































PLATE 10 




Microphotograph of nuclear explosion. Top right corner shows the explosion in detail, 
am picture shows a fast particle emitted in the main process giving rise to a secon¬ 
dary star 

(Cosyns, Bonetti, Billworth, Occhialini, and Sehanberg (personal communication)) 






